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MONDAY,  SEPTEMBER  28, 1987 


CONFERENCE  FOYER 

rjOAM-SdOPM  REQISnUTION/SKAKER  CHECKIN 


CONFERENCE  ROOM  S 

k30AIM:49AM  OPEMNO  REMARKS 

1:45  AM-lftlS  AM 
MA,  UOARS  IN  SPACE 

Oannis  K.  Killingar,  (MimnHy  of  South  florida.  Ptoudor 
fe4SAM>9c1SAM  (hnNadpapM) 

IIA1  PnoiMft  III  SirifaiSiMlM  LMin  for  SMfiltaafM  UdAf^ 

Frank  Allario,  NASA  Longlof  Nosootch  Conlor.  NASA's 
scionca  and  applicationa  program  for  tha  Space  Sallon  is 
ptannkig  a  lidar  facility  to  conduct  science  experiments.  To 
accommodate  the  facility,  soiid-stata  laser  technology  is  be¬ 
ing  developad.  An  overview  of  NASA's  systems  and  technok 
ogy  program  is  presented,  (p.  2) 

ftlSAM-SseSAM  (bwHedpeiMR 
MA2  Udar  InSpece  Technology  Expertmenla  Richard  R 
Nelms.  Richard  H.  Couch.  John  W.  Cox.  OarroN  W.  Rowland, 
M.  Patrick  McCormick.  NASA  Langtoy  flesoorcfi  Confer.  The 
Hdar  kvapace  tedmology  experiment  (LITE)  is  a  mullimission 
Space  Transportation  System  (STS)  program  to  evaluate  the 
cipability  of  a  lidar  experiment  to  make  moasuromants  of 
aerosols  and  other  atmospheric  paramters  from  a  space- 
borne  platform,  (p.  S) 

IceSAM-lfltOOAM 

MAS  Udar  Expsrimsm  on  Spoeelab  LEOA  M.  Ertdontant), 
V.  Klein,  Seffede  fnsrifUf  e.  V.,  F.  R.  Germany;  W.  Ranger.  In- 
sfifuie  tor  AtmosphoTK  Physics.  F.  A  Gemwiy;  H.  Queruol, 
U.  Ktumeh,  F.  R.  Germany.  A  small  backscalter  lidar  for 
measurements  from  the  Spacelab  facility  is  proposed  to  ex¬ 
plore  the  measurement  capabilities  of  a  spacsbome  lidar  A 
fksl  flighi  opportunity  may  arise  with  the  German  OS  mission 
in  the  early  1990s.  (p.  9) 
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CONFERENCE  ROOM  5 
IOeOOAM-IOcISAM 

MA4  Pertennance  Tooling  ol  the  ShutMo  Laser  AWmslif, 
Jack  L.  Button,  James  B.  Garvki,  NASA  Ooddard  Space 
FhgM  Caolar.  A  laser  aHlmeter  Insinimeni  capable  of  opere 
lion  from  orbital  altUudo  on  the  Space  Shuttle  has  boon  do- 
veloped.  bistiumenl  dMign  and  performance  testing  are 
summarized.  Sample  terrain  profile  data  acquired  in  airtwrne 
simulations  ol  the  Shuttle  mission  are  presented,  (p.  13) 

lOelSAM-llfcMPM  COFFEE  BREAK 


CONFERENCE  ROOM  S 
likes  AM-1230  PM 

MB,  DIAL  MEASUREMENTS  OK  ATMOSPHERIC  OASES 
Robert  T.  Menzias,  Jet  Propulsion  Laboratory,  Pnvdar 

likes  AM-11:1S  AM  OnvHad  paper) 

MB1  Devefepmene  el  Lasan  and  Spodral  Equipment  lor 
MsssieenieHl  ol  Abwoephatlc  Mdeculaf  Oasee,  V.  E.  Zuev. 
U.S.&R.  Academy  ol  SdatKoa,  Sibariart  Branch.  We  con- 
sidar  the  problems  of  laser  use  and  laser  equipment  davet- 
oped  to  study  the  absorption  spectra  ol  atmospheric  nwiac- 
ular  gases  as  well  as  the  maasuramants  of  than  concentra¬ 
tion  in  field  conditions  carried  out  at  the  Institute  of  Atmos¬ 
pheric  Optics,  (p.  18) 

lIrtSAM-llteSAM  (iMNad  paper) 

MB2  DIAL  System  let  High  nseeMlen  water  vapor  Meee- 
loomanta  In  the  Tiopoaphara,  Jens  Bosanoerg.  Max-pranc*- 
Inttituta  ter  Uataontogy,  F.  R.  Gatmany  The  system  is  da- 
scribarL  sources  of  error  and  test  methods  are  discussed, 
and  rsaults  ol  field  exparimanls  era  pressniad.  |p.  22) 

IINSAM-IZflDM 

MM  omamndal  AbisrpMcn  Udar  System  lor  Meisum 
merdaelTiopBsphsile  NO,NO^SO^andO,.Bamew  Joiiif- 
lae.  EHzabalh  Micheison.  Nigel  R  Swann.  Rriar  T  Woods. 
National  Phyaieat  Laboratory,  UK.  A  new  mobi!s  I'.iAL  facii- 
Hy  IS  dsscnbsd  and  results  of  simultaneous  nnasuremants 
of  two  atmoepheric  gases  m  urban  and  moi'trel  areas  are 
presented,  (p.  28) 

12II0M-1219PM 

MM  RarMNsaoNod  Italaredyrw  PstsetlBB  Dual  00^ 
DIAL  MsamnarrMnlB,  William  B.  Grant.  Alan  M.  Brothers. 
David  M.  Tran.  Jat  Prepulaion  Laboratory  Measurement 
raaulta  aro  presented  on  atmospheric  parameters  and  sys¬ 
tem  partomiance  for  the  mobile  atmosphere  poHutam  map¬ 
ping  system  (MAPM).  (p.  ''ii 
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121SPM-1230PM 

^h09  iMAk  MMCwUWVMivfM  WMllQM^>Mn6  ^vSlMt 

HO,  and  CH.  (Mng  a  ConUnuoiMly  TumMa  1.7-vm  OKMgf, 
laaw,  Oannis  K.  KiiHnger.  Norman  Menyuk.  KUT  Lincoln  Lab- 
oratoty.  A  1.7-,im  Co:MgF,  DIAL  system  has  been  used  to 
measure  water  vapor,  and  CH,  in  the  atriMsphare,  Irv 
ctuding  both  pativaveraged  and  rangeresotvad  maasura- 
ments  at  ranges  up  to  6  and  3  km,  respectively,  (p.  36| 

12»PM-200PM  LUNCil  BREAK 


CONFERENCE  ROOM  4 

200PM-&00PM 
POSTER  SESSION 

MC,  UDAR  MEASUREMENTS  AND  ANALYSES 
Jack  Button.  NASA  GodCarO  Space  FligM  Cantaf. 
Copresrder 

Tadeshi  Aruga,  Ministry  ot  Posts  and  Tetacommunicatiorts. 
Japan.  Coprasidaf 

MCI  Anatyaia  at  Inlaimatlon  Cantanl  at  MuMRaquaney 
Laser  Sounding  atAaraaol  and  MoiacularAlinoapiiaia,V  E. 

Zuev,  S.  I  Kavkyanov.  G.  M.  Krekov.  U  SS.R.  Acadamyol  So- 
ancas.  Sibaftan  Brandt.  The  orocessing  nrelhods  are  consid¬ 
ered  and  comparative  analysis  ot  information  content  ot 
singlafreouency  and  multifrequency  laser  sounding  of 
aerosol  and  molecular  profiles  is  made.  (p.  40) 

Rilw2  fWflOTS  IIVIMnfNnMnOn  OT  OTOTVOTOTB^iCOT  OTOT  VPB6M 

Parameters  at  the  Atmaaphara  Using  a  Raman  Udar,  Yu.  P 
Arshinov.  S  M  Bobrovnikov.  S  N  Volkov.  V  E.  Zuev.  V.  K 
Shumskii.  USS  R  Acadanty  ot  Sciences.  Sibanan  Brandt 
The  results  ot  the  evpenments  on  measuring  meteorological 
and  optical  parameters  ot  the  atmosphere  using  a  Raman 
Ildar  are  discussed  (p  44) 

MC3  InsiniOTOTitsI  snd  Almosplwte  Coraltfntlofi§  in  tfw 
Davetepmant  aiM  Appdcatten  at  an  AtrbamatSpaeabema 
WMMr  Vdpar  DIAL  Syslam,  Edward  V  Srowell.  NASA  Langlay 
AesearcA  Cantar:  Syed  Ismail.  ST  Systems  Corp.  The  opera 
tional  requirements  tor  an  airborne'spaceborne  water  vapor 
DIAL  system  are  derived,  and  the  data  analysis  techniques 
to  optimize  the  retrieval  of  water  vapor  profiles  are  di» 
cussed,  (p  47) 

MCA  Advanced  Aiibamo  OUL  Sys^  CapabdWaa  tm 
Oaona  and  MuWtwavelangdi  Aareacl  Maaiursments.  A  F 
Carter.  E  V  Broweil.  J  H  Siviter.  N  S.  Higdon.  NASA 
Langlay  Nasaaren  Cantor:  C.  F  B*itier.  ODU  Research  foun¬ 
dation:  N.  Mayo.  PRC  Kantron.  The  NASA  Langley  atrbome 
DIAL  system  has  been  modified  tor  simultaneous  nadir  and 
zemth  measurements  using  eight  transmitted  laser  beams. 
Unique  system  characteristics  developed  lor  ihe  1987  Ama¬ 
zon  Boutidary  Layer  Experiment  and  Antarctic  Ozone  Hole 
Experiment  are  described  ip  St) 
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MCE  BMudelMwol  Udar  Pvassuie  and  TsmparsMeMbRM 
Maaaiasmania  bem  Bia  Earth  Obeawlng  Syslam  (EOSt 
SalaHIa^  C.  Laurence  Korb,  NASA  Goddard  Space  flight 
Cantor:  CM  Y.  Wang,  Science  Systems  4  Appuealiona.  me. 
Simulalion  ot  hdar  axparimanis  from  the  EOS  with  a  Mgl. 
resolution  atexandnta  lasar  transrmttar  and  narrowband  da- 
taction  showa  presaura  and  tamparaiure  accuracies  beltar 
than  0.4%  and  1  K,  respectively,  (p.  S6) 

MCE  Adapikw  Kalmfc>Bucy  FMsr  for  ONtaesnlial  Abaer^ 
doit  Udar  Tima  Sariaa  Data,  Russell  E  Warren.  SRf  intar- 
national.  An  adaptive  extension  ot  the  Kaiman-Bucy  algor¬ 
ithm  tor  on-line  estimation  of  path-mtegrsled  concentration 
from  dilferential  absorption  lidar  time  series  data  is  pre¬ 
sented.  (p.  59) 

Mcr  OpUmtaaden  of  Udar  Boundary  Layer  HatgM  Re 
dfavaL  Stephen  P.  Palm.  Science  Systems  4  Applicaliona. 
me:  James  0.  Spmhime.  NASA  Goddard  SpM  flight 
Cantor  Boundary  layer  height  is  retneved  using  data  from  a 
low  sensitivity,  high  altitude  iidar  system  and  from  simulated 
spacebome  lidar  systems  of  varying  sansitiviiiea.  (p.  83) 

MCS  InipfOVBifiint  ol  Lmot  Oopplif  AiwniBnwlif  IImuIIs 
by  SImuWanaoua  Backac  after  Maaeummanta,  Fnednch 
Kopp.  German  Aerospace  Research  Ettabtishmant.  f.  R 
Germany  Simultaneous  measurement  ot  Doppler  lidar  sig¬ 
nals  and  aerosol  profiles  otter  ihe  possibility  to  improve  Ihe 
range  allocation  and  to  compare  shortwave  and  IR  back- 
scatter  prohles  IP  67) 

MCE  High  Spacdat  Raeofudew  Udar  MsoiummenH  of  Or- 
mo  Cloud  Opdeaf  PmperWea.  C  J  Grund.  E  W  Eioranta.  u 
Wisconsm  The  HSRL  has  achieved  calibrated  eye-safe  day 
and  night  measurements  o'  cirrus  cloud  backscalter  cross 
section,  extinction  cross  section,  and  backscalter  phase 
tunctxxi  IP  7t) 

MC10  OpdcaPy  SlgnftlBai*  Ctnua  Ctoads  may  be  Rare 

BOTBQ  leOTWOTB  19  SpBOTBOTW  MOT^OT  U9OT  9JrOTOTW»  w-  J 

Grund.  E  W  Ekxanta.  U  VYisconsm  Obsoniod  cirrus  cloud 
backscalter  cross  sections  often  dimmish  with  height  From 
space,  simple  lidar  systems  -viii  miss  clouds  vrhere  the  back¬ 
scalter  increase  cancels  the  extinction  ip.  75) 

MC11  Oodkatod  System  ter  Raudna  CMud  Meaaum 
manta,  Richard  Dubmsky.  Science  4  Technology  Corp  We 
present  emus  cloud  data  usmg  a  lidar  operating  at  0.53  »m 
and  the  design  of  a  dedicated  system  lor  nxitme  cloud 
measurements  ip  79) 

MC13  Ooleeden  of  Mathene  Leaks  vdBi  a  Canafedew 
Udar,  E  Gaiieii!  C'SE  Tacnomgio  innonatnioSp  A .  Italy  An 
mlrared  optical  parametric  oscillator  source  has  been  devel¬ 
oped  tor  use  in  a  correlation  lidar  system  tor  remote  sensing 
ot  methane  gas  leakages  The  system  operates  on  a  small 
truck  in  urban  environments  ip  80) 


i**t>rf>.  »>■  I  iirtiMiNltaiVliJ  ifctttfe-: 
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MC13  High  Altmida  Udw  OtnwHow  at  Mortna  Slral» 
eumulM  douda.  Reinogl  Boers.  U.  Uaiyiane;  James  0.  Spm- 
tiime.  NASA  Goddard  Spac*  flight  Chnttf;  William  0.  Hart, 
ScietK*  Systems  Apphcahors,  Ine.  Cloua  top  structure  of 
marine  stratocumulus  was  eKamined  using  tiM  NASA  ER-2 
hign  altitude  research  airc'att.  Statistical  properties  and 
spatisi  cloud  scales  were  studied  m  detail,  (p.  84) 

MC14  Ahtome  Sedhim  Udar  Meoatiramants  ot  Mea» 
spheric  Graulty  Wave  Hordontal  SlitKlura  over  the  Rocky 
MoutMalns  and  QimI  Plains.  Kevin  Kwon,  Dan  Sentt,  Chet 
Gardner.  U  Illinois  at  Urtana-Champaign.  The  mtnnsic 
parameters  and  propagation  directions  of  the  mesospheric 
gravity  waves  are  estimated  from  airpome  sodium  iidar  data 
collected  m  Nov  1986.  (p  881 

MC15  Sodhim  Udor  Measuramsms  of  tho  Seasonal  and 
Nocturnal  Variations  ol  the  Gravity  Wave  Vortleal  Wavanun^ 
bar  Spectrum.  Oanwl  C.  Sentt.  Chester  S  Gardner.  Chao  H. 
Liu.  U  Illinois  at  U'hana  Champaign  A  method  tor  comput¬ 
ing  the  gravity  wave  vertical  wavenumber  spectrum  and  rms 
wind  velocity  is  described  Spectral  slope  and  temporal  and 
altitude  variations  in  rms  wind  velocity  are  determined 
IP  92) 

MC18  Targst  Anatysls  by  OMferantlal  Rofleetanoo  LIdais. 

L  Pantani.  I  Pippi.  CNR  Isiilulo  di  Rictrca  Sulla  Onda  Elat- 
IromagnelKha.  ilaN-  P  VuiVovic  Cvi|in.  0  Ignjatiievic.  Insli- 
tula  ol  Physics.  Yugoslavia  The  identification  ol  targets  by 
means  o>  dittereniiai  reflectance  iidars  operating  at  CO, 
laser  wavelengths  is  discussed  on  the  basis  ol  systematic 
eipenments  earned  out  with  a  lidar  simulator  ip  96) 

MC17  bivesllgalian  ol  the  PhutoeyntheWc  Woeaaa  by  a 
Lidar  Fluoreaenior.  f  Casiagnoii.  G  Cecchi.  l  Pantani.  B 
Radicati.  M  Romoli  CNR  islituto  di  Ricarca  Sulla  Onda  Elat- 
tiomagnaiieha  Italy.  P  Mauingni.  CNR  ishtufo  di  Elattron- 
ica  QuantisKa.  Italy  The  laserenciied  iiuorescence  ol 
chlorophyll  in  living  plants  shows  a  spectrum  which  is 
strongly  connected  to  the  photosynthetic  process  The  labor¬ 
atory  and  field  eipenments  earned  out  at  IROE-IEQ  are 
described  ip  99) 

MC18  FU0AR2  a  Compact  Udor  fhtoroseriaar  and  Spoo 
tfometer.  F  Casiagnoii.  G  Cecchi.  L  Pantani.  B  Radicati. 
CNR  istituio  di  Ricerca  su«a  Onda  Eiatiromagnaticna.  Italy 
The  FLIOAR  2  IS  the  first  lidar  fluorosensor  having  a  high 
spectral  resolution  and  operating  at  the  same  tune  as  a 
passive  spectrometer  in  the  visible  The  system  is  light¬ 
weight  designed  for  airborne  operations  ip  102) 

MC19  ON  FHm  DetecMon  and  CharactertMtlew  by  Udor 
Fluoroeanioti.  G  Cecchi.  L  Pantani.  B  Radicati  A  Barbaro. 
CNR  isiituto  di  Ricarca  suiia  Onda  Etattromagnancha.  Italy: 
P  Mazzinghi.  CNR  istiluio  di  Elattronica  Ouaniistiea.  Italy. 
We  describe  the  conclusions  of  a  five-year  investigation  on 
the  performances  and  potential  of  lidar  fluorosensors  m  de 
tecting  oil  films,  measuring  therr  threkrtess.  and  idenlifying 
the  oil  IP  106) 
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MC2D  AaraodlB  and  HumtdRyPibMaaReooidsd  Using  tbo 
Atsaandrtla  laaar  ftoMmbtary  RaauNs  and  System  Testa, 
Claude  Cahen,  Etaetrieta  da  franca.  Since  1989  we  have 
been  damloping  a  mobile  DIAL  system  to  monitor  the  major 
meteomiogical  paramatats  (humidity,  temperature,  aerosol) 
using  the  aiaiandrlto  laser  as  the  transmitter.  In  July  1987  a 
Held  campaign  was  started  to  evakiato  the  actual  perform¬ 
ance  ot  the  systam  attar  a  on»year  test  in  the  laboratory, 
(p.  10« 

MC21  SpodalSampingotgiaMaasut'vigVolumabythetn- 
traductien  ot  Oadicalad  Apartumo  In  UUAR  Systems,  Steen 
Hanson.  Risoa  National  Laboratory.  Danmark.  Various  aper¬ 
tures  are  proposed  with  which  conditional  sampling  of  the 
measuring  volume  in  lidar  eipenments  is  possible.  The  aper¬ 
tures  presented  determine  the  relative  position  between  the 
particles  from  which  scattered  hghl  'S  coherently  miied.  The 
coherent  miiad  light  is  shown  to  carry  mtormation  on  the 
velocity  gradiants  and  tho  votticity  m  the  probed  volume. 

IP.  110) 


vii 
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?t»AM>3iOOPM  RCQISTIUTION/SPeAKCR  CHCCWN 


CONFERENCE  ROOM  S 

k»AM-1ft1SAM 

TuA,  OPTICAL  TECHNIQUES  FOR  EARTH  SYSTEM 
SCIENCE 

J.  Frad  Holmes,  Ongott  Omtutta  CtttMr.  PrKtdm 

ft»AM-M0AM  (ImMsd papsf) 

TuAI  SatsMIe  RamoM  Sarnlng  tar  EarUi  Syslam  Sctaweac 
NASA's  Earth  OhaartaiQ  System  (EoaL  Robert  Curran,  na¬ 
tional  Aofonauties  ana  Sfisca  Aamimslration.  The  presenta¬ 
tion  wiH  describa  the  general  approach  takan  m  deveioptng 
lha  Eos  concept.  This  includes  it's  contribution  to  the 
NASA's  proposed  thrust  entitled  "Mission  to  Planet  Earth." 
The  remainder  of  the  discussion  wnil  focus  on  more  of  the 
details  of  several  of  the  active  and  passive  instruments 
which  use  optical  techniques,  (p.  114| 

MO  AM-sat  AM  (Ineltad  papal) 

TuA2  Ramola  Sanaing  of  Earth  and  Flanatary  Alnioa- 
phama  Uaing  Oas  Conelattan  SpactroiadtamaSy.  Oamei  J. 
McCleesa,  M  Pmpulaton  Laboraloty.  Gas  corralalion  spec- 
Iroradiometry  )s  one  of  the  most  frequently  used  techniques 
for  remote  sensing  of  atmospheric  properties.  The  tech¬ 
nique.  instrumentation,  and  its  applications  are  described 
(p.  tIA 

t!aOAM>S4SAM 

TiiAfl  Rtfnolt  Scnsina  ol  Stnidura  PioBirtlM  In  ttMi  Mki 
dta  Atweepheie  Using  Udar,  C  R  Philbricii.  0.  P  Sipier.  US 
Aa  Force  Geophysres  Laboraloiy.  G  Oavidson.  W.  P  Mos- 
howitz.  Phofomefncs.  inc  The  results  from  a  mobile  iKlar 
have  been  used  to  derive  density  and  temperature  profiles 
between  25  and  85  km  over  central  Alaska  dunng  Feb  -Apr. 
1980.  (p.  12a 

S48  AM-KtOO  AM 

TiiA4  Remote  Saneing  ol  N,0,  and  CIONO,  In  the  Lower 
TSatuaphoie.  J.  Brasunas.  J  Herman.  V  Kunde.  W  Maguire. 
NASA  OoaOara  Spaea  Fiigni  Cantor  L  Heratn.  W  Shaffer. 
Scienoe  Sysiams  8  AppiKations.  ine .  S.  Massia.  National 
Cantor  tar  Afmosphenc  Research.  A  Goldman.  U  OatNor  A 
cryogamc  baiioorvbome  spectrometer  has  measured  night¬ 
time  stratospheric  chlonne  nitrate  and  dinitrogen  pentoxide 
The  observations  are  compared  with  previous  measure¬ 
ments  and  with  model  simulations  ip.  124| 
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UhOO  AM-RkIS  AM 

TuAS  Imaging  Watallc  Udar  Taehniqua  tar  Upper  Almoo- 
pham  TtadTea,  Byron  Welsn,  Chet  Gardner,  U.  ttunora  at 
Urtana-Champaign.  An  imaging  bistatic  lidar  tochniqua  lor 
studying  the  stnictural  characteristics  of  the  sodium  layer  is 
anaiynd  and  discussed,  (p-  ^28) 

10c1SAM*10d4SAM  coffeebreak 


CONFERENCE  ROOM  S 
10c48  AM>1£30  PM 

TuB,  UNIQUE  APPLICATIONS  OF  OPTICAL  REMOTE 
SENSiNQ 

Claude  Cahen.  f Iscfneife  Oa  Franca,  Franca,  Praaidar 

lOttSAM-mSAM  (birttad  papal) 

TuBi  Uaaa  ail  Laaar  Ramola  Sanstag  Tachniqiiao  in  Cal 
Biotagy  and  Msdicina.  Humio  Inaba.  Tohoku  U.,  Japan.  Ex¬ 
perimental  studies  are  reported  on  laser  sensing  of  r^otoxic 
T-calls.  which  play  an  essential  role  in  the  rejection  episode 
in  clinical  organ  transplantation,  and  ol  microscopic  fluores- 
cancemtertsity  distribution  in  various  single  cells.  |p.  134) 

11:15  AM-ti:4S  AM  (Inrtied  proet) 

TuB2  NeMbuied  Temperahao  Sensing  In  OoMeai  Ffear 

Wavaguldss.  Arthur  Hartog.  York  VSOP.  UK.  We  review  the 
measurement  ol  temperature  distributxsns  among  optical 
fibers,  including  the  principal  sansing  methods,  implementa¬ 
tions.  and  pertomianca  ol  current  and  future  mstnjments. 
IP  136) 

11:45  AM- 12«M 

TuB3  Time  RieoNod  Udar  Ftaemaansor  tar  08  Podirtien 

OelecPew.  A  Ferrano.  P  L  Pizzoiati.  E  Zarvtotteia.  OSC  Tac- 
noiogia  innoiratna  Sp  A .  Italy  A  fluorosansor  system  ebie 
to  perform  time  and  spectral  analysts  of  oil  fhiotascence  is 
being  developed  for  sea  poHuiion  deteclxxi.  The  system  is 
based  on  a  tnpie  Nd  YAG  laser  and  on  a  streak  camera. 

(P  139 

1200  M-1215  FM 

TuBA  SimuRsnaeuo  Meaiiaemewta  at  Ocean  Swteea 
RouMmeos  and  Aimoaplisite  Iheoeam  wNR  a  CanHmaler 
Raeotaden  TeipCatarlaaerAlllmoler.  James  S  Abshire.  jan 
F  McGarry.  NASA  Goddard  Spaca  Flight  Cantor.  A  SObS 
pulse  width  laser  altimeter  operating  at  3S6  and  532  nm  has 
been  used  to  measure  oceen  surface  roughness  and  atmos¬ 
phere  pressure  from  an  aircraft  ov  jr  the  Chesapeake  Bay 
and  the  Atlante  Ocean  (p.  t43l 

1215  FM-1230  PM 

TuW  CtaodUguM  Water  Dertsed  Ram  Udar  Obeenmtieno. 
James  0  Spmhime.  NASA  GoaOara  Spaea  Flight  Cantor 
Wiibam  0  Hart.  Science  Systams  Application.  Inc..  Rewiout 
Boers.  U  Itaryiana.  NASA  ER-2  iidar  observations  of  marine 
stratus  cloud  tops  have  been  applied  to  derive  the  structure 
of  cloud  top  liquid  water  with  companson  to  m  sifu  obaarva- 
ttans  (p.  147) 

1230PM-200FM  LUNCH  BREAK 


TUESDAY,  SEPTEMBER  29.  iW— Continued 


CONFERENCE  ROOM  4 

2flOPM 

POSTOEAOUNC  PAPERS  POSTER  SESS»N 


CONFERENCE  ROOM  4 

7A>  PM-KUO  PM  ' 

POSTER  SESSION 

TuC,  OPTICAL  REMOTE  SENSING  METHODS 
AND  DEVICES 

Chester  S.  Gardner,  Unnersily  ol  Illinois.  Copresktor 
Norman  Barnes,  NASA  Langley  Reseatdi  Center. 
Cofiresidef 

«Ad«anoM  In  Oat  Analyxara  Based  an  IR  Molaeulaf 

Yu.  M.  Andreev,  P.  P.  Geiko,  V.  V.  Zuev,  V.  E  Zuev,  O. 
anovskii,  S.  F.  Shubin,  USSR.  Academy  ol  Sciences, 
n  Branch.  Trace  gase  analyzers  with  CO,  and  CO 
tarametric  frequency  converters  provide  measure- 
of  atmospheric-gas  component  (CO,  NO,  OCS,  etc.) 
trations.  (p.  152)  ~ 

TuCS  Shnpla  OpMeal  MaWiod  ol  SimuKaneeus  Meaiuw- 
mani  ol  CharaclailsMc  Scales  and  IManaNy  of  Atmoapharie 
Turixilsnea,  A.  F.  Zhukov,  V.  V.  Nosov,  USSR.  Academy  ol 
Sciences.  Siberian  Branch.  A  simple  optical  device  is  sug¬ 
gested  for  simultaneous  measurement  of  scales  and  intens¬ 
ity  of  atmospheric  turbiilence.  A  set  of  transpareiKies  with 
different  transmission  coefficients  is  used.  (p.  156) 

TiiC3  Textural  Edge  Extraction  wWi  an  OpdealHoleradyne 
Scanning  Systam.  Ting-Chung  Poon,  Jinwoo  Park,  Virginia 
Polytechnic  institute  4  State  U  A  technique  tor  textural  edtje 
extraction  using  an  optical  heterodyne  scanning  system  is 
proposed.  Experimental  results  are  presented,  (p.  160) 

TuC4  Fiao  Flying  Expatlmant  to  Massurs  tho  Ouantum 
UnawMIh  LMt  ol  a  300-THz  laser  OscHlalar,  C.  E.  Byvik,  A.  L 
Newcomb,  Rooerl  L.  Byer,  Slanlord  U  Linewidlhs  of  the 
order  of  10  kHz  have  been  achieved  in  a  diode  laser  pumped 
Nd:YAG  nonplanar  laser  ring  oscillalor  recenlly  developed  at 
Stanford  University.  Refinements  in  the  thermal  control, 
laser  pump  source,  nonplanar  ring  design  and  host  material 
for  the  neodymium  ion  are  expected  to  significantly  reduce 
the  linewidths  presently  achievable  in  a  terrestrial-based  lab¬ 
oratory.  The  free  flight  experiment  is  described  and  uses  of 
stable,  narrow  linewidlh  oscillators  to  gravity  wave  measure¬ 
ments  and  frequency  standards  are  discussed,  (p.  164) 

TuCS  DvMlopnMnt  of  o  Lmoc  Hotciodyno  Rodtowoty  for 
MonMorino  SIrotocpfwric  Air  PoNution*  Mitsuo  Ishizu,  Toshi- 
kazu  Itabe,  Tadashi  Aruga.  Radio  Research  Laboratory. 
Japan.  Heterodyne  radiometers  using  a  CO,  laser  and  a  Pb 
salt  diode  laser  were  developed  and  many  absorption  lines 
were  successfully  measur^  in  the  solar  spectrum  by 
ground-based  observation,  (p.  165) 


TUESDAY,  SEPTEMBER  29.  ^W^-Continued 


TuCt  Expertmenlal  Measurement  o(  the  DusceglMIHy  at 
Spatial  FMar  PioMng  Tochnlquas  to  Saturatioii,  G.  R.  Ochs, 
Reginald  J.  Hill,  NOAA  Wave  Propagation  Laboratory.  Meas¬ 
urements  made  on  an  incoherent  light  optical  profiling 
systam  that  emptoys  transmitting  and  receiving  spatial 
IHtars  reveal  pronounced  saturation  affects  at  high  mte- 
gratad  turbulence  levels,  (p.  166| 

TuCT  SbiwRanaoua  Maaauramants  ol  Tuibulenea  Levol 
and  Irniar  Scala  Using  Lasor  SdntiHallen.  R.  G.  Frehiicn.  Co- 
operatrve  Institute  lor  Research  in  the  Environmental 
Scisoces.  Estimates  of  the  level  of  turbulence  C},  and  the  la 
ner  scale  of  turbulence  are  obtained  from  measurements  of 
the  spatial  covanance  ol  laser  scintillation  in  weak  scatter¬ 
ing  conditions,  (p.  173) 

TuCS  Atmoapharie  Coo  action  Algorithm  ot  Real  and  Sim- 
ulalad  Spaea  imagoiy  Using  a  Radlativo  Transfer  Coiia. 

Hongsuk  H.  Kim,  NASA  Goddard  Space  flight  Center.  An  im¬ 
age  processing  algorithm  has  been  developed  to  perform 
pixel  by  pixel  calculation  of  atmospheric  radiance  for  a  varie¬ 
ty  ot  Mie  and  view  angles  up  to  60*.  Examples  of  real  and 
simulated  images  corrected  by  this  method  are  shown. 

(p.  177) 

TuCS  QASCOSCAN  and  OASCOFIL:  Romola  Sonslng 
Qaa  Cenolalion  Spaclfomalsra  lor  Trapoophoifc  Trace  Gas 
Maasuramants.  W.  H.  Morrow,  R  W.  Nicholls,  York  U. 
Canada.  The  design  and  testing  ol  two  gas  filter  spectronv 
eters  tor  making  measurements  in  the  OZ-ll-xm  spectral 
region  on  trace  atmospheric  gases  are  discussed,  (p.  181) 

TuCtO  Signal  Raquilomonts  tor  Ramola  IR  Umb  Sounding 
of  Atomic  Oxygon  and  Tamparatum  in  the  Tharmoaphara,  R. 
0.  Sharma.  Air  force  Geophysics  Laboratory;  A.  S.  Zachor. 
Atmospheric  Radiation  Consultants  Inc.  Described  are  serv 
sitivity  and  spectral  resolution  requirements  tor  limb  sound¬ 
ing  of  upper-atmospheric  oxygen  atom  density  and  transla¬ 
tional  temperature  using  the  147-  andlor  63iim  (Ol)  lines. 
(P-184) 

TuCII  Conoipfs  fw  FmIim  NMMfoloQiCfl  Ewih  ObMW* 
Ing  Sensors,  David  L.  QIackin,  Aerospace  Corp.  Concepts  for 
future  earth  observing  sensors  are  described,  including  lidar. 
(3IAL,  and  millimeter  wave  radar.  Applications  include 
atiTKMpheric,  terrestrial,  and  sea  surface  parameters. 

(P.  185) 

TuC12  Largo  Apsrlura  Maaiuramanli  of  Optical  Turbu- 

lonce,  D.  M.  Winker.  US  Air  force  Weapons  Laboratory. 
Measurements  of  the  phase  and  intensity  ol  starlight  at  the 
pupil  plane  of  an  astronomical  telescope  have  been  made  to 
study  the  effects  of  atmospheric  turbulence  on  optical  prop¬ 
agation.  (p.  189) 

TuC13  CompMl  WM^FWd  Svntor  lor  RooioIb  ^onilnp  of 
Ocean  PftanonNna,  Thomas  S.  Pagano,  Loren  M.  Woody. 
Hughes  Airc.’alt  Co.  A  lowcost  higlH)erformance  sensor  de¬ 
sign  for  low«arih-ort)it  ocean-color  remote  sensing  is  pre¬ 
sented  with  system  tradeoffs  and  performance  estimates. 
IP.  191) 


K 
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TliC14  OpMwum  Local  OocMolar  Lavalo  tar  Cohaicnl  0» 
tadtan  IMng  Wwloconductaw,  John  M.  Hum.  j  Fred 
''talmas.  Farzin  Amzaierdian.  Oregon  Graduate  Canter.  The 
optical  local  oscillator  povrer  level  correspondiiH]  lo  peak 
signal-lomiiao  ratio  is  derived,  (p.  19^ 

TuCIS  RadtaneoRaltoClassMIealtanutEarttiSurfaeoFeo- 
taros:  a  Spacottorwo  StaiMo  EapsilmanL  W  E.  Snrertsnn.  Jr.. 
NASA  Langley  nesearch  Center  itaw  tecnnoiogy  lor  autorv 
omously  ciasstlyinp  earth  surface  features  into  water,  vege¬ 
tation.  land,  and  cloudsrsnow/icc  is  discussed  and  space- 
bomo  shuttle  expanmental  results  are  presented,  (p.  199) 

TuCIC  Two  SdnMtaltan  Mottteds  at  Maaiurtng  ttw  Inner 

Seals.  Reginald  J.  Hill.  NOAA  tVave  Propagation  Laboratory. 
The  method  of  two-iMaveiength  laser  irradiance  correlation  is 
compared  with  the  method  using  onewaveiength  variance 
with  a  large^perture  scintillometer  vanance.  (p.  203) 

TuC17  Laaar-ExcNad  OpHeal  FINors:  Laaar  Power  Raquire- 
ments.  T.  M.  Shay.  Los  Alamos  National  Laboratory.  These 
atomic  filters  offer  gigahertz  bandwidth  and  very  wide  field 
of  view.  A  simplified  theoretical  model  for  calculating  laser 
pump  power  is  presented,  (p.  207) 

TuCIS  Laser  ftequlrememi  tor  Wind  Shear  Defechon  trom 
AbersN,  Stephen  E.  Moody.  Stanley  R.  Byron.  T.  Rhidian 
Lawrence.  Spectra  Technology.  Inc:  Russell  Targ.  Lockheed 
Missiles  and  Space  Co.  Remote  Ooppler  wind  shear  detec- 
tion  can  potentially  improve  the  safety  of  air  transport.  We 
discuss  the  laser  requirements  for  making  the  appropriate 
measurements  from  aircraft,  (p.  210) 

TuCIS  Experttnenta)  Obsenrattans  ok  Uns  Mixing  In  an 
tafrared  CO,  OBranch.  Bruce  Gentry.  NASA  Goddard  Space 
FUght  Center.  L.  Larrabee  Strow.  U.  Maryland.  Baltimore 
County.  Deviations  from  an  isolated  line  calculation  as  large 
as  65%  have  been  observed  m  a  CO,  O-branch.  A  simple 
model  which  reproduces  the  data  is  introduced,  (p.  214) 

TuC20  Ettaet  of  Une  Mixing  on  Atmospheric  Brightness 
Tempsratams  Near  IS  nm,  L.  Lanabee  Sirow.  U  Maryland 
Baltimore  County;  Dennis  Reuter.  NASA  Goddard  Space 
FlighI  Center.  Calculations  indicate  that  line  mixing  may 
altar  atmospheric  brightness  temperatures  near  the  667-cm" 
CO,  0  branch  by  as  much  as  3  K.  (p.  218) 

TuC21  TunaMe  Waveguide  CO,  Law  Local  OadMatars  tar 
Spacabome  Infrared  Heterodyne  Spectrometars.  John  J. 
O^nan.  C.  E.  Rossey.  H.  E.  Rowe.  J.  F.  McGarry.  NASA  God- 
r/ard  Space  Flight  Center  U.  E  Hochuli.  P.  R.  Haldemann.  U. 
Maryland.  A  compact  autonrated  CO,  laser  local  oscillator 
uses  X  W  of  rf-power.  is  tunable  over  ~  60  transitions,  and 
has  demonstrated  lifetimes  of  over  X.OOO  h.  ip.  222) 
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TuC22  Dscireeptic  Phase  Modutettan  Gas  Conelattan 
Spectroradtametiy,  David  M.  Rider.  John  T.  Scholeld.  Daniel 
J.  McCleese.  Jet  Propulsion  Laboratory.  Laboratory  results 
demonstrating  this  new  technique  at  the  modulation  fre¬ 
quencies  required  lor  remote  sensing  of  winds,  temperature, 
and  species  abundances  m  the  upper  atmosphere  from  a 
spacebome  platform  are  presented,  (p.  226) 

TuC23  Invarstan  Techniques  tar  Baehscattsr  Data  from  Re 

mote  Sensing  Systems.  John  R  Hummel.  Kurt  A.  Kebchuil. 
OphMetnes.  Inc  .  Donald  E.  Bedo.  Robert  A.  Swirbaius.  U  S. 
Air  Force  Geophysics  Laboratory  An  examination  of  inver¬ 
sion  techniques  applicable  to  backscatter  data  from  remote 
sensing  systems  has  been  made.  The  purpose  of  the  study 
was  to  develop  an  inversion  technique  that  could  be  used 
with  remote  sensing  systems  under  development  at  the  Air 
Force  Geophysics  Laboratory  (AFGL).  ip.  ZXk 

TuC24  Potychramallc  Holographic  Conelallon  Techniquse 
tar  Enhancing  Wssotatlon  In  Itamota  Sensing.  R.  Sambasi- 
van.  Counal  ot  Scientific  S  industnal  Besearch.  India.  In  op¬ 
tical  remote  sensing  by  phoioreconnaissance  satellites  or  in 
ground  observation  by  orbiting  space  telescopes,  the  diffrac- 
tion-iimited  theoretical  resolution  possible  is  degraded  by 
accidental  and  vibratory  motion  of  the  imaging  camera,  de- 
focusing.  atmospheric  turbulence  effects  on  satellite  pic¬ 
tures  transmitted,  etc.  Specific  uses  of  a  proposed  filter  and 
computation  of  the  filter  parameters  lot  remote  sensing  use. 
lor  example,  photography  through  log  in  snovv«lad  moun¬ 
tains.  detection  of  glacier  movements,  are  discussed. 

(P.  231) 


X 
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CONFERENCE  FOYER 

rJ0AM-!MPM  REaiSTIUTION/SI>EAKER  CHECKIN 


CONFERENCE  ROOM  S 

SMAM-IOeISAM 

WA,  REMOTE  SENSINO  TECHNOLOGY;  1 

Jolm  Pstheram.  HCA  Astro  Eloctronics,  PtosiOtt 

ft»AM-M»AM  (ImIMpapM) 

WA1  Oloda  Pumpad  SalM  Stata  Laaaia  far  Ramaia  San» 
lag,  RotMft  L.  Byar.  StartlorO  Thomas  J.  Kana,  Ughtwatro 
Eleclronics  Cotp.  A  diode  laser  pumped  morwiiihic  nonplanar 
ring  oscillator,  followed  by  a  6^-dB  gain  optical  amplifier  has 
been  used  tor  successful  demonstration  of  oofieieni  laser 
radar  at  282  THi  (1064  nm).  (p.  234) 

M0AM-9;30AM  (bi«Nad papal) 

WA2  Facet  Plana  Array  Taelinalagy  far  Opdeal  Ramaia 
Sansino,  James  A.  cults.  Martin  H.  Leipokt.  Jot  Propulsion 
Labotaton/.  Progress  in  the  development  of  solid-stato  self- 
scanned  imaging  arrays  for  remote  sensing  <0  the  Infrared 
region  highligntino  recant  developments  is  reviewed,  (p.  236) 

9;30AM>1(M0AM  RmNedpapar) 

WA3  Sum  Ftaquaney  MbdiiQ  at  Twa  Tunabla  NifcYAO 
Lasers  far  Sadhmi  Fhiarsaeanea  Udar  Meeiutamenfi.  T.  H. 
Jays,  Ml  T  Lincoln  Laboraiary.  A  new  source  of  sodium  reson¬ 
ance  radiation  is  being  developed  for  sodium  fhiorasoanca 
Ildar  measurements  This  source  has  several  advantages  over 
conventioiwl  dye  leser  sources.  <p.  237) 

KraOAM-KklSAM 

WA4  Quel  Alesandme  Laser  far  AulanemeuaUderAppfIca- 
dona,  John  J.  Oegnan.  NASA  Goddard  Space  Flight  Cantar. 
Progress  on  a  tunable  dual  alexandrite  laser  transmitter  for 
an  autonomous  DIAL  lidv  mission  in  the  NASA  ER-2  high  alti- 
tuoe  research  airaafi  is  described,  (p.  240) 

1tt1SAM>10;45AM  COFFEE  BREAK 


WEDNESOAY.SEPTEMBER3ai987-CDnr/nueG 


CONFERENCE  ROOM  S 

HMD  PfD 

WB.  REMOTE  SENStNG  TECHNOLOGY;  2 

Martin  Endemann.  Battalia  instituL  F.  A  Gamanf,  Pratidar 

ia4EAM>11:1SAM  IMvIlad  papaG 

Tliai  Ptagmaa  In  MW  Stale  Laaam  far  Ramaia  Sansingi 

Aram  Mooradian,  MIT  Lincoln  Laboratory,  (p.  246) 

11;1SAM-t1;45AM  (ImMadpapaG 

WB2  Sauraae  and  Teclwel^  far  Ceharam  Udar  Wind 

Meeiummanl.  Michael  Vaughan.  Boyal  Signals  A  Radar  Es- 
tabUshmant,  UK.  The  required  characteristics  of  laser 
sources  both  pulsed  and  cw.  are  described  and  illustrated. 
Technology  questions  in  attaining  quantum-hintad  system 
performance  are  briefly  ouibnad.  (p.  247) 

11:tfAM-l»SPM  (WNIed papal) 

W83  Oaaefcpman)  al  Caupled  CaiMy  Laaar  Oledes  far  Ra- 
mala  Seneingi  Richard  K.  OeFraez.  Richard  A.  Elliott.  Joseph 
ftjraU.  Jon  Ortolf,  Oregon  Qraduata  Cantar.  Via  discuss  the 
perfonnanca  characteristics  of  electronically  tunable 
coupiei)«avity  dioda  lasers  and  their  use  in  short  range 
remote  detection  of  melhans  The  devices  were  labricated  by 
locusadJon4>oam  mlcromachining.  (p.  248) 

12;1SPM-1£30PM 

W84  LaearCxcfted  Opdeal  FWarExpadmenfs  In  RbVaper, 

T.  M.  Shay.  J.  0.  Dobbins  Los  Alamos  National  Laboratory;  Y. 
C.  Chung,  i/tah  Stale  U.  We  report  the  first  experimental  derrv 
oiistretion  of  a  laser-excited  optical  filter  in  Rb  vapor.  Meas¬ 
urements  of  finer  imawldth  are  presented,  (p.  251) 

lU0PM<2fl0PM  LUNCH  BREAK 


CONFERENCE  ROOM  4 

ZOOPM-BOPPM 
POSTER  SESSION 

WC.  OPTICAL  SYSTEMS  AND  COMPONENTS 
Harvey  Melf  i,  NASA  Goddard  Space  Ftrght  Ceniar, 
Coerasidar 

Nc juo  Takauchl,  Tha  National  Inslltula  tor  Emtiron,nantal 
Studiaa,  Japan,  Coprasldar 

WC1  Abbama  Palaitasden  Udar  far  Seundbig  Oouds  and 
Undartylng  Surtaes  A.  I.  Abramochkin,  V.  V.  Burkov,  V.  E. 
Zuev,  I.  V.  Samoklivalov,  V.  I.  Shamanaev,  U.SS.R.  Academy 
olSciancas.  Sibarian  Branch.  An  automatized  Ildar  has  been 
constructed  bued  on  different  types  of  polarization  and  si- 
muttanecus  return  reception  in  several  fields  of  view.  (p.  254) 


XI 
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WC3  Raman-SMKad  Oy«  LaMT  tar  DIAL  MMttmmwit*  ol 
Ai'iwaiMMrte  Tamparalur*.  PraMur*.  and  OanaHy-  Upenora 
N  Stnoft.  Rita  Matron  Thomas  D  WiiKeison  U  hfur^tanO 
Generali^.>n  ol  narrowband.  Raman  shitted  dye  laser  radiation 
in  the  o«>gen  A  baix]  t  T60-T70  nmi  is  c''aracleri;ed  tor  atmos¬ 
phere  temperature,  pressure,  and  derisily  DIAL  measure¬ 
ments  IP  2S8t 

WC3  CO,  Laser  Preamptinar  lor  LMar  AppHeatten.  Kmpui 
Chan  U  nesea-'CH  fouoaahon.  Jach  L  button  NASA  God¬ 
dard  Space  Flight  Cenior  A  CO,  laser  preampiitier  has  been 
tested  in  the  labcratory  tor  use  in  a  CO.-  i>dar  system  A  puisud 
optical  gam  ol  nearly  700  was  yentied  tor  a  CO,  TEA  laser  iiv 
put  pulse  at  to  59  urn  ip  262) 

WC4  Loer-Prassuro  Qaln-CaH  Lasar-Oataetar  Oparaltan 
Kith  a  CO,  Transtranaly  Eactlad  Almospharta  (TE>^  Lasar, 
Jan  E  van  der  I  aan.  SR/  rnrema/ionai  Operation  ol  a  low- 
pressure  CO,  gam  celt  is  evaluated  erpenmentaiiy  as  an  op¬ 
tical  receiver  preampiitier  tor  CO,  TEA  laser  iidar  applications. 
IP  2661 

weS  Lasar  Souieas  and  SansttMlyCalculaltans  tar  a  Near- 
Infrared  DIAL  Systam,  Martin  j  T  M-'ton.  Barne  W  Joiiit'e. 
Roger  H  Partridge.  Peter  T  Woods.  National  Physical  Labor- 
aiory.  U  K  The  design  ot  a  DIAL  system  to  operate  at  -  3300 
nm  IS  considered,  including  the  spectroscopy  ot  target  gases 
and  possible  laser  sources  IP  2701 

wes  Stmpla  Systam  tar  Fraquaney  Locking  Ttao  CO, 

Lasers.  Oougias  C.  Fraper.  J  Fred  Hoirres.  John  M.  Hunt. 
John  Peacock.  Oregon  Graduate  Center  Two  cw  CO,  lasers 
in  a  "letercdyne  remote  sensing  system  are  treguency  locked 
using  the  signal  trom  the  target  and  a  cavity  tength  trans¬ 
ducer.  IP  2741 

WC7  Puiaad.  Fraquaney  SlaWa.  Narrow  UnawWIh  Lasers 
sndOpWeatBamota  Sam^ng.  K  K  Lee.  Perkm-Eimer  Corp  A 
method  ot  constructing  a  puised.  trecuency  stable,  narrow 
iinewidth  laser  is  described,  and  its  applications  to  opticat 
remote  sensing  are  discussed  ip  276) 

WC8  Rapid  Tuning  Oavioa  lor  a  CO,  Udar.  V  Kiem.  M 
Endemann.  Ballei'e  inshtut  e  /.  F  R  Germany  A  rapid  tun¬ 
ing  device  lor  a  pulsed  CO,  laser  is  p'ecented  that  enables  us 
to  tuna  the  laser  within  <  3  ms  to  lire  pairs  and  to  emit  up  to 
ten  discrete  wavelength  pairs  within  1  s.  (p.  2821 

WC9  Akbotna  Wavamatar  tar  an  Afmegpharta  DIAL  Exparf- 

manL  Joseph  H  Goad.  Jr  .  NASA  Langley  Research  Center  A 
wavemeter  for  laser  wavelength  centroid  and  wavelength  pro¬ 
file  measurements  is  being  developed  and  designs  This 
subsystem  is  part  ol  a  downlookmg  ditterentiai  absorption 
Ildar  experiment  that  will  measure  vertical  water  vapor  and 
aerosol  profiles  from  a  NASA  ER-2  aircraft,  ip.  286) 


Xll 


WEDNESDAY,  SEPTEMBER  301 1987— CoRf/nuetf 


WC10  Oatactar  Raaponaa  Charactartiattan  tar  OfAL  A^ 
pHcallen.  h  S.  Lee.  SM  Systems  i  Research  Corp .  Geary  K. 
Schwemmsr.  C.  Laurence  Korb.  NASA  GoMard  Space  Fliahl 
Center  TTie  response  ot  a  pholom-jltiplier  tube  is  studied  to 
characteriTe  the  gam  stabiti'y.  imeanty.  and  the  cause  and  ef¬ 
fect  ot  signal-induced  noise  ip  290) 

WC11  Spackla  Eltacta  on  Laser  Wayatangih  Maasurw 
manis  wtta  a  FLioau  Wsvematar.  Coorg  R  Prasad.  C  Laui- 
enci-  Kerb  Geary  K  Schwemmer.  NASA  Goddard  Space 
Flight  Center  The  presence  of  sp-  "kle  produces  error*-  n  the 
measure -nents  ol  laser  frequency  and  line  shanes  Me.' sure 
ment  accuracy  is  improved  by  irv  use  o*  thin  ditfusers.  wide 
detectors,  and  sinnal  averaging  ,p  293) 

WC12  Daratopmant  of  Spectral  Equipmsnl  tor  Invast-ga- 
ttaiw  of  Atmoaphaita  Gates,  V  E  Zuev.  V.  P.  Lopasov.  Yu.  N. 
Ponomarev.  L  N  Smiisa.  I.  S.  Tyryshkm.  A  B.  Antipov. 
US.S  R.  Academy  of  Sciences.  Siberian  Branch  The  results 
of  development  ot  a  set  ot  high-resoiuticn  laser  spectrom¬ 
eters  m  the  OZ-tO-wm  spectral  range  and  experimental  iiv 
vestigations  of  gas  absorption  spectra  are  presented. 

IP  297) 

WC13  Eltacihra  Source  of  Coftaianl  Radiation  Basod  on 
CO,  Lasara  and  ZnGaP,  Frequency  Convartara.  Yu  M  An¬ 
dreev.  V.  G  t/oevodin.  P.  P  Geiko.  A.  I  jribenyukov.  V  V. 
Zuev.  \f  E.  Zuev.  USSR  Academy  of  Sciences.  Siberian 
Branch  Several  ZnGeP,  monocrystal  frequency  converters  of 
CO  and  CO,  lasers  have  been  constructed.  The  external  en¬ 
ergy  conversion  efficiencies  are  tenths  to  49°  ,.  ip.  3C0) 

WC14  EnfumoadOiroetDatsetton  el  CO,  Lidar  Returns  Us¬ 
ing  a  Lasar  Ptasmpiiilar,  Dennis  K.  Killmger.  Ml  T  Lincoln  Lab¬ 
oratory:  Jack  L.  Button.  NASA  Goddard  Space  Flight  Center 
E.  J.  McLeiian.  Pulse  s’,  stems,  inc.  A  CO,  laser  p.eampiifier 
has  been  used  in  a  direct-deter'ion  single-frequency  CO,  iidar 
system.  An  increase  by  a  factor  of  up  to  200  m  the  SNR  ot  the 
Ildar  returns  has  been  achieved,  (p.  304) 

WC15  Plans  tar  an  Ahboma  MuMispocIrai  Lasar  Imaging 
Poisilmatar  Systam.  James  E.  Kaishoven.  Jr..  NASA  Goddard 
Space  Flight  Center  Prei-minary  design  of  a  svstem  using  a 
polarized  laser  and  linear  array  detectors  to  measure  the  de¬ 
polarization  characteristics  ol  the  earth's  surface  is  describ¬ 
ed,  (p.  308) 

WC18  Design  Conoapls  tar  an  Advanoad  Akboma  Mstaor- 
oicgieal  Udar  (LASE IIX  Geary  Schwemmer.  NA.-'A  Goddard 
Space  Flight  Cerfer.  .ction  i-jcked  alexar  *rite  laser  and 
tandem  etalon  filler  design  concepts  for  a  high  altitude  air¬ 
borne  differential  absorption  iidar  to  measure  atmospheric 
temperature  profiles  are  examined,  ip.  31 1) 
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WC17  OdwiiMd  Udar  tar  an  Atawaphaite  Tamparatara 
Praflta  Maaaiiraiiiawta  Pregraiii.  an  Owndaw.  Sartraitd  L. 
Joimaon,  C.  Lauranca  Kerb,  John  Oagana,  Haivay  MaKI, 
Oaaiy  Schwanwnar,  loi'ia  UccallM,  NASA  Qoddant  Spaca 
Flight  Canfac  Plana  Piamanl,  CNRS  Lsbonloim  dt  lUMtor- 
ologm  Ountmiquh,  Fnne»:  Mirailla  Bourdal.  CNRS  InsMut 
Nttional  ifAsIronomlh  at  da  Qaoqhiaiqua,  Ftmoa;  Qarwd 
Magla,  CNRS  SarWea  trAamnomla,  Franea.  Tha  LASE  It 
(laaar  atmospharlc  aansing  axparlmant)  la  lha  davalopmant 
of  a  Ildar  Instrumant  systam,  using  a  dual  alaxandrita  laser 
transmitter,  to  remotely  measure  temperature  profiles  of  lha 
aarlh’s  atmosphere  from  an  ER-2  aircraft.  The  proposed 
instrument  da<wfopmani  Is  discussed,  (p.  313) 

viwiv  mpisnisnnng  ■  iww  ni^FopKiraHiSMiuiion  lnhv 
Taetailqua  tar  Backaeatlar  Ratio  and  Atmoapharte  Tampar» 
tare  taoWtap.  C  Y.  She,  R.  J.  Alvarez  II.  H.  Moosmulier,  0.  A. 
Krueger,  Colorado  Slata  U.  Experimental  implementation  of 
a  proposed  new  high-spactral-rasolulion  Ildar  tachniqua  for 
backscatter  ratio  and  atmospheric  temperature  maasure> 
manta  using  a  pulsed  laser  system  la  discussed,  (p.  319 

WCid  OSSamlneoliaianlOopptarUdarCunent  Status,  J. 
Sroga,  A.  Rosanberg,  RCA  AstrthSpacadNiaion.  We  describe 
the  cunani  status  of  the  O.S3)im  incoherent  Ooppler  Ildar.  A 
description  of  the  system  along  with  preliminary  atmos- 
phene  maasuramanta  is  presented,  (p.  320) 

WC20  Portable UV'OIALksim tar QioundRoaad Maaa 
laeinantaol  LoeMr*Stratoaptterlc  Oaona  Profdeai  Design  and 
Partarmanca  Slmulallon,  M.  O.  Rodgers,  J.  0.  Bradshaw,  0. 
0.  Davis,  Oaorgia  Inslitutaol  Tachnoktgy;  R  E.  Stickal,  Atlan¬ 
ta  U.  Cantar,  K.  Asai,  Tohoku  InsMutaof  Technology,  Japan. 
Comparison  of  attemat'ive  designs  for  a  portable,  lightw^ht 
UV-OIAL  ozone  system  is  discussed.  Pocus  is  on  suitability 
of  each  for  operation  in  remote  areas,  (p.  324) 

WC21  tatnducltan  to  the  IOMl  Udar  Systam,  Richard 
Richmond.  Jan  Servaites,  Wright-Paitarson  Air  Fotea  Basa. 
The  WPAFB  lOtMn.  collimator  is  being  utilized  as  the  receiver 
optics  tar  what  will  be  lha  largest  operating  Ildar  in  the  world. 
(P-328) 

WC22  40»Hz  Una  Canter  StabdKy  In  a  QaAIAs  Dtada 

Laaar,  T.  M.  Shay,  J.  0.  Dobbins,  Los  Alamos  National 
Laboratrxy;  Y.  C.  Chung,  Utah  State  U.  A  solitary  GaAIAs 
laser  system  is  presented  which  demonstrates  a  long-term 
center  frequency  stability  of  0.44(Hz  in  closed  loop  operation 
and  AAHz  in  open  loop  operation,  (p.  332) 

TflOPM-IOOOPM 
CONFERENCE  BANQUET 
(Naw  England  LobstsrfClambaka) 
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CONFERENCE  FOYER 

raOnM-IEflOPM  REOSTRATIONfSPEAKER  CHECKIN 


CONFERENCE  ROOM  S 
■cSOAM-IOcISAM 

ThA.  SCATTERINQ  AND  TURBULENCE 
Eugenio  Zanzottara,  CISE  Sp.A.,  Italy,  Prastdar 

•:30AM-M0AM  (Invitad papal) 

ThAI  NonHtiaar  Optical  Intaracticn  el  Laaar  Radlatlen  with 
Watsr  Droplets,  Richard  K.  Chang,  Yale  U.  Nonlinear  optical 
scattering  and  amission  from  large  transpwent  water  drop¬ 
lets  irradiated  with  a  high-intensity  laser  above  and  below 
the  dielectric  breakdown  threshold  are  reviewed,  (p.  334) 

ftflOAM-StSOAM  (Invitad paper) 

ThA2  Ramota  Sartidns  d  Rafracthrs  Turbulanee  wllh  O^ 
deal  Spatial  FMaia,  James  H.  Chumskto,  NOAA  Wave  Propa¬ 
gation  Laboratory.  The  strength  of  refractive  turbulence  in 
the  atmosphere  can  be  measured  remotely  using  incoherent 
optical  spatial  flHaring  techniques.  High  spatial  rasolulion 
can  be  achieved,  (p.  338) 

9C30AM-M5AM 

TliA3  fJInllWIw  fnr  Prt8iiU«m  —ir  inarujit 

taring  Shidlaa.  Christian  Werner,  German  Aerospace  Re¬ 
search  Establishment,  F,  R.  Germany.  A  simple  backscatter 
Ildar  was  developed  to  measure  aerosol  and  cloud  backscat- 
tar  in  different  polarization  directions.  Different  modules  for 
airborne  and  groundbasad  measurements  are  available. 
(p.342) 

9e45AM-1lfcOOAM 

T1iA4  Improved  Dtada  Laser  namtemhlodulalloncw  Udar, 
Hiroshi  Baba,  KatsunrI  SakuraL  U.  Tokyo,  Japan;  Nobuo 
Takeuchi,  National  Institute  for  Envkonma.ital  Studies, 
Japan;  Toshiyuki  Ueno,  Chiba  U.,  Japan.  A  portable  diode- 
laser  randonvmodulation  cw  Ildar  was  developed,  to 
measure  the  daytime  aerosol  profile  as  well  as  the  nighttime 
using  a  narrowband  optical  filter.  Ip.  346) 

lOeOOAM-llkISAM 

ThAS  Ttabulence  Maasurawienta  In  the  Convactiva  Bound- 
aiy  Layar  with  a  Short-Fulaa  CO^  Dopplar  Udar,  Wyrm  L 
Eberhard,  R  Michael  Hardesty.  NOAA  Wave  Propagation 
Laboratttry;  Tzvl  (SakChen,  U.  Oklahoma.  Turbulence  and 
momentum  flux  in  convective  conditions  are  measured  by  an 
azimuthally  scanning  Doppler  lidar,  with  the  gas  mix 
selected  to  optimize  the  pulse  length,  (p.  350) 

10C1S  AM-10:46  AM  COFFEE  BREAK 
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CONFERENCE  ROOM  S 
IMS  Mi-1230  FM 

IM,  TNOFOSPHOaC  MaiOTE  SOOMQ 

JamM  HMriay,  SVC,  PmUtr 


NMAW-iinSMi  OmNMipapii 
7M1  lIwUaiiMNNMfFMwchMMowUMSyMi 
lor  MiliiHilQOlril  Sludlii.  J.  Falon.  U.  Pimm  tt  Curta 

Fnnoo  m  mo  Loondto  praioci  on  oobomo  Hdor  syatom  Is 
<l9tftlop9d  fof  dfivMphfrtc  studiM.  it  ificKidM  thfMphsMS 
tmtth  oomplomontoiy  ob|octi«oo  ond  dtflaiont  loaor  soureao 
sMcit  ora  pioooniod.  (pl  SON 

ims  Mi-1148  AM  OmHadpapo^ 

ThK  Udor  Missiooiiiora  ol  Boandour  Uyor  PmoiiioIwb. 
EiMn  W.  Eloronta,  U.  WisoonsOi.  Udor  loehniques  (or 
moasuromont  o(  otmosphoric  boundary  tayor  parametars 
wW  bo  praaantad  along  wtth  data  (torn  a  now  Ildar  syatom 
opwmttad  for  tba  obaanration  o(  witaa  dimanalonai  aimoa- 
pbaric  atfueturoo.  (p.  300) 

1148  AM-1200  M 

IMS  Udor  MiaauraiBanla  ol  iia  Trapoaphara^  A.  I.  Cara- 
«mN,  &  R.  Pal,  a.  Q.  Cunniitgham,  Vor*  U,  Canada.  Multl- 
waa^gm  lidar  maaiuramanta  of  tha  tropoaphara  bawa 
baan  mads  using  alaslic  and  inalastic  acattoring  ptocaaaai 
and  tha  raaulls  haw  boon  compand  wim  *1  aifu  msoauro- 
manta,  (p.  363) 

1200M-121SPM 

HiM  Udar  MoMwa  Maaauramans  Owing  COHMCX,  S. 
H.  Mam,  Oavld  WNtoman.  Richwd  Fatrwa.  NASA  Goddard 
&oaoa  PAgfif  Cantor.  Raman  Hdar  la  uaod  to  maaaura  atmoa- 
phsric  moMura  profUaa  from  naar  tha  aurfacs  to  7  k  wtm 
190m  wrtlcal  and  3mln  tomporai  raaokiticn.  (p.  XT) 

121SPM-1230PM 

IMS  AaowaeyolTorapwalaraMaaswamanls  Using  Hloh 

Spsebal  RaaBtuian  Udar,  David  A.  Krusgsr,  C.  Y.  Sha,  Col¬ 
orado  Slara  U  1110  oHects  ol  uncartamtlos  in  parartwlsrs 
and  of  noiso  in  HmMing  tha  accuracy  of  ramota  tomparMura 
arid  praasura  moosuramonts  using  HSRL  are  raporlsd. 
(p.371) 


MONDAY,  SEPTEMBER  28, 1987 
CONFERENCE  ROOM  5 
8:30  AM-10:15  AM 
MAl-4 

UDARS  IN  SPACE 

Dennis  K.  KflUngo',  Univef^ty  of  Soufli  Florida, 

Preader 
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Frank  Allarlo 

Progress  In  Solid-State  Lasers  for  Spaceborne  Lidars 

Sunury 

As  part  of  the  National  Aeronautics  and  Space  Adalnistratlon's  (NASA)  Space 
Station  program,  a  Ildar  facility  Is  being  planned  to  conduct  a  series  of 
scientific  experiments  from  a  polar  orbiting  platform.  The  thrust  of  these 
experiments  Is  to  Improve  our  understanding  of  atmospheric  chemistry  and 
dynamics,  altimetry,  and  meteorology.  A  number  of  scientific  experiments 
were  recently  developed  by  a  panel  of  scientists  and  Ildar  technologists 
and  Included  both  atmospheric  backscatter  (Lidar)  and  Differential 
Absorption  and  Lidar  (DIAL)  experiments.  The  major  Investlo^tlons  to  be 
conducted  Include  measurements  of  the  vertical  profiles  of  atmospheric 
aerosols,  the  height  of  the  Planetary  Boundary  Layer  (PBL),  the 
distribution  of  cirrus  clouds,  vertical  profiles  of  water  vapor  In  the 
lower  and  upper  atmosphere,  vertical  profiles  of  ozone,  and  measurements  of 
the  vertical  profiles  of  pressure  and  temperature.  These  experiments  were 
developed  by  the  Lidar  Atmospheric  Sounder  and  Altimetry  (LASA)  panel,  and 
have  been  summarized  In  a  NASA  document. 

As  part  of  this  activity,  NASA's  Langley  Research  Center  has  been  given  the 
responsibility  to  conduct  conceptual  definition  studies  of  the  LASA 
facility.  In  order  to  scope  the  Instrumentation  for  the  facility  to 
maximize  the  scientific  return  from  a  series  of  experiments  (to  be  defined) 
from  the  Space  Station,  polar  orbiting  platform.  These  studies  are  being 
conducted  In  order  to  conceptually  define  such  parameters  as  weight,  power 
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Progress  In  Solid-State  Lasers  for  Spaceborne  Lidars 

and  voluM*  the  size  of  the  receiver  telescope*  electronic  processing 
systems  and  data  systems.  Results  of  these  studies  Mill  be  used  as 
"baseline"  parameters  for  the  Announcement  of  Opportunity  (AO)  to  be 
Issued*  soliciting  detailed  scientific  experiments  and  the  associated  Ildar 
transmitter*  aft-optics  and  detector  systems.  As  part  of  the  LASA 
definition  studies*  Including  In-house  and  Industry  studies*  tradeoff's 
have  been  conducted  on  the  telescope*  several  laser  technologies  and  the 
associated  thermal  systems.  Results  of  these  studies  have  shoMn  that 
significant  reductions  In  melght*  power  and  volume  are  achievable  by 
utilizing  emerging  technologies  In  light-weighted  mirrors  and  tunable  solid 
state  lasers*  pumped  by  semiconductor  laser  arrays.  These  technological 
Improvements  are  essential*  especially  to  meet  the  full  spatial  and 
temporal  measurements  desired  by  the  scientific  community. 

As  part  of  NASA's  Active  Sensing  Experiments  program  within  the  Office  of 

Aeronautics  and  Space  Technology  (OAST)*  research  Is  being  conducted  to 

provide  an  assessment  of  solid  state  laser  and  detector  technology  for  the 

space  station  program.  This  program  Is  a  combined  government*  Industry* 

and  university  thrust  which  includes  materials  growth*  laboratory  test  and 

characterization  of  new  solid  state  materials*  Infrared  detectors/detector 

arrays*  and  development  of  prototype  Ildar  systems  for  aircraft  and  space 

platform  experiments.  During  the  past  2  years*  this  program  has  focussed 

on  titanium-doped  sapphire.  Significant  achievements  were  realized  In 

Improving  the  technology  for  space-based*  remote  sensing  experiments  for 

Ildar  and  DIAL  experiments.  In  the  future  the  program  will  focus  on  new 
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Fr«iik  Allarlo 

Progress  In  Solid-State  Lasers  for  Spacebome  Ildars 

solid  state  laser  aaterlals  to  broaden  the  iiavelength  coverage  Into  the 
Middle  Infrared  range  of  the  electroMagnetIc  spectruM  In  order  to  enable 
space  and  aircraft  neasureMMents  of  tenuous  Molecules  In  the  Earth's 
atMosphere. 

In  this  paper,  an  overview  of  the  scientific  needs  of  the  Space  Station, 
science  and  applications  prograM  will  be  described  Including  the  status  of 
the  LASA  conceptual  definition  studies.  Additionally,  the  status  of  the 
OAST  research  prograM  In  solid  state  laser  Materials  and  Infrareo  detectors 
will  be  highlighted  and  will  Include  current  knowledge  of  the  tradeoff 
studies  In  the  telescope,  solid  state  laser  technology,  detectors  and 
seMi conductor  laser  arrays  as  they  relate  to  the  LASA  facility. 
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LIOAR  ln-Sp«c«  Ttclmoloflr  ExptHatfit 

RIcliaH  R.  Ntlai 
NASA  Ufigify  RtSMixN  Center 
Heupton.  Virginia  23665-522S 

SUM1ARY 

The  LIOAR  In-Spece  Technology  Experlaent  (LITE)  Is  a  aiUlalsslon  Space 
Transportation  Systea  (STS)  prograa  to  evaluate  the  capability  of  a  Ildar 
experl aent  to  aake  aeasureaents  of  aerosols  and  other  ataospheric  paraaeters 
froa  a  space  platfora. 

The  objectives  of  the  first  flight  of  the  LITE  experlaent  are  to  verify 
certain  Ildar  technologies.  These  technologies  are  the  systeas  operation  In 
space,  such  as  llfetlae  theraal  dissipation,  allneaent  control,  envlron- 
aental  levels,  and  autonoaous  operations.  The  second  technology  objective 
Is  the  evaluation  of  Ildar  techniques  In  space,  such  as  s1gna1oto*no1se 
verifications,  resolutions  of  az  and  Ah.  and  ataospheric  charactsristics 
at  different  wavelengths  and  at  different  altitudes.  The  third  technology 
objective  Is  to  provide  a  test  bed  for  new  Ildar  techniques  such  as  a 
Doppler  Ildar  systea  or  a  Differential  Absorption  Lidar  (DIAL)  systea  on 
following  flights,  or  to  evaluate  new  eaerging  laser  technologies  such  as 
T1:Sapph1re.  We  would  also  at  soae  future  tine  like  to  fly  sone  wavelength 
control  systeas  such  as  the  waveaeter  being  developed  for  LASE. 

In  order  to  verify  these  technology  objectives  have  been  net.  we  will  aake 
aeasureaents  of  cloud-top  heights,  planetary  boundary-layer  heights, 
tropospheric  aerosols,  stratospheric  aerosols,  and  tesqrerature  and  density 
aeasureaents  froa  10  to  40  ka. 

The  first  flight  of  the  LITE  experlaent  should  be  flown  on  the  STS  aystea  In 
the  early  90* s.  A  conceptual  design  of  the  LITE  experlaent  has  been 
Initiated  at  Langley  Research  Center  using  a  solid-state  laser  having  a 
nIniNin  of  1-J  output  at  the  fundaaental  wavelength,  1.06  ua  Incorporating  a 
second  and  third  haraonic  generating  crystal  to  provide  the  green  and  blue 
light.  In  addition,  a  1-a  telescope  will  be  necessary  to  provide  the 
sensitivity  required  to  aake  high  signal-to-nolse  ratio  aeasureaents  of  the 
return  signals.  The  laser  Is  being  developed  under  contract  and  at  the 
present  tiae  we  have  a  working  laboratory  version.  The  telescope  will  be  a 
1-a  telescope  that  was  acquired  froa  Ooddard  Space  Flight  Center  on  loan  and 
Is  a  engineering  aodel  of  an  OAO  telescope.  It  Is  being  updated  and 
retested  at  Langley  Research  Center. 

The  LITE  experlaent  Is  of  a  aodular  configuration,  as  shown  In  the  attached 
figure,  that  facilitates  coiqponents  or  subsystea  replaceaent  during  field 
servicing  or  upgrades  froa  future  alsslons.  The  aodules  which  co«|>r1se  the 
LITE  are  as  follows:  a  laser  transaitter  (LTN),  a  telescope  receiver, 
aft-optics  assenbly,  systeas  electronics,  boresight  systea,  caaera  systea, 
environaental  aeasuring  systea,  and  the  experlaent  platefora. 

The  laser  transaitter  aodule  consists  of  a  flashlaiyr-pu^red,  Q-swItched, 
Nd:Yag  laser  with  a  fundaaental  output  of  1.06  wa.  The  fundaaental  out^t 
energy  Is  In  excess  of  1  J  per  pulso  with  the  selectable  pulse  rates  of 
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t1Ui«r  1  or  10  pulses  per  second.  In  addltfon,  the  Module  Includes  second 
and  third  hanaonfc  generation  which  converts  part  of  the  fundanental  energy 
Into  harmnlc  energy  at  .532  un  and  355  um.  The  net  energy  at  1.06  um  Is 
200  mJ.  400  mJ  at  .532  aJ  and  150  aj  at  .355  ua.  The  laser  Is  housed  In  a 
sealed  container  and  cooled  by  way  of  a  heat-transfer  unit  which  Is 
connected  to  the  enhanced  MOM  pallet  coolant  systea. 

The  telescope  receiver  as  Mentioned  before  Is  a  1-a,  Ritchey -Cretlen  fora  of 
a  Cassegrain  telescope.  The  secondary  alrror  Is  fused  quartz  with  an 
alualnua  reflecting  surface  and  the  prlaary  alrror  features  a  berylllua 
substrate  with  a  Kanlgen  overcoat  and  has  an  alualnua  reflecting  surface. 

The  aft-optics  asseably  contains  the  optical  and  detector  coiqponents  which 
receive  and  separate  the  back scattered  laser  signals.  The  optical  asseably 
Is  Mounted  on  an  optical  bench  and  suspended  under  the  primary  alrror  of  the 
telescope.  The  optics  asseably  design  contains  a  variable  field  stop 
controlled  either  by  comaand  or  autosequence  operation.  A  moveable  mirror 
Just  beyond  the  field  stop  will  redirect  the  return  signal  Into  a  separate 
optical  train  for  automatic  boresighting  of  the  laser  output  signals  to  the 
telescope  optical  axis. 

The  boreslght  system  consists  of  a  two-axis  alrror  which  maintains 
collnearlty  between  the  laser  transmitter  and  the  telescope  receiver.  This 
coilnearlty  Is  accontillshed  through  automatically  redirecting  the  outgoing 
laser  beams  by  *  closed-loop  feedback  systea  that  uses  a  four  quadrant 
detector  to  determine  the  location  of  the  backscattered  laser  signal. 

The  systea  electronics  consists  of  a  systea  coisputer  unit  and  a  high-speed 
digitizer.  Tiie  coaputer  provides  ^e  Interface  to  the  STS  Orbiter  for 
uplink  and  downlink  command  services  as  well  as  all  the  control  functions  In 
the  Instrument.  The  high-speed  digitizer  contains  an  analog-to-dlgltal 
converter  and  a  buffer  memory  which  allows  data  from  the  detectors  to  be 
amulred  and  stored  at  a  very  h1^  rate  during  the  data  taking  mode  and 
reproduced  at  a  lower  rate  for  downlinking. 

A  camera  systea  Is  onboard  and  uses  a  false  color  Infrared  film  to 
continuously  photograph  daytime  cloud  cover  and  ground  tracks  thereby 
furnishing  correlative  assistance  for  science  data  analysis. 

There  Is  an  environmental  measuring  systea  called  OEX  Autonomous  Supporting 
Instrumentation  System  (OASIS)  onboard  to  monitor  the  environmental  levels 
seen  at  various  places  on  the  optical  bench  during  the  launch  orbit  and 
descent  modes  of  the  experiment. 

All  of  the  subsystems  are  mounted  on  a  platform  that  Is  an  orthogrid 
structure  utilizing  an  existing  Marshall  Space  Flight  Center  design  and  one 
that  has  flown  In  the  past  on  the  STS  missions. 

The  LITE  program  Is  currently  manifested  for  the  early  90' s  with  a  second 
flight  planned  2  years  after.  The  design  phase  of  the  program  Is  presently 
underwey  and  a  Preliminary  Design  Review  has  been  coapleted. 
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Zntroduetion 

Thara  ara  plana  for  a  aaeond  Goman  apaealab  alaaion  (OBmiaaion) 
(originally  aehodulad  for  lata  1988)  which  will  bo  baaieally  a 
laro-g  niaaion,  but  will  alao  includa  aarth  obaorwation  axpori- 
aanta.  Rneouragad  by  our  axparianco  with  airboma  lidar  ayataaa 
and  tha  raaulta  froa  thaorotical  atudiaa,  wa  hawa  propoaad  a 
baekaeattar  lidar  for  thia  or  latar  apaealab  aiaaiona. 

Slnea  tha  lidar  ia  only  an  add-on  axparlnant  during  the  D2- 
niaaion,  and  ainea  tha  awailabla  tina  to  eonatruet  tha  axparlnant 
ia  abort,  wa  ara  driving  tha  following  guidalinaa: 

•  Uaa  praaantly  availabla  tachniguoa 

Uaa  availabla  apaea-gualifiad  praaauraisad  eontainara  to  eon> 
tain  tha  varioua  critical  aubconponanta  (o.g.  laaar,  powar' 
auppliaa)  to  nininlaa  qualification  taating 

•  Dononatrato  tha  axpactad  banafita  of  tha  aetivo  tachniqua  in 
eonbination  with  paaaiva  aanaora 

Validata  lidar  data  by  indapondant  naaauranaata 

Wa  praaant  an  outline  of  tha  aaaauronaat  goala,  tha  inatrunant 
daaign  and  parfomanoa  avaluationa. 

Maaauranant  Ooala 

Tha  Spaealab-lldar  ia  daaignad  to  avaluata  tha  naaauraaant 
applicationa  of  apaeaborno  baekaeattar  lldara  for  nataorology  and 
ellnatology  with  a  conparativaly  ainpla  inatrunant.  Zt  foma  an 
intamadlata  atap  batwaan  an  airboma  lidar  and  an  oparational 
apacaboraa  lidar  on  futura  aarth  obaarvatlon  aatallitaa.  Thia 
atap  ia  naeaaaary  to  gain  nora  inaight  into  tha  taehnologleal 
pointa  of  tha  lidar  daaign,  but  alao  to  obtain  flrat  atnoai^arie 
baekaeattar  data  froa  a  apaeaborno  platfom. 

Tha  Spaealab-lidar  will  allow  to  parfom  a  nuabar  of  diffarant 
aaaaurananta  with  tha  goal  to  obtain  parfomanea  data  for  tha 
daaign  of  futura  oparational  apacaboraa  lidar  inatruaanta: 
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o  Cloud  top  holpths 

-  Roiffht  of  tho  planotory  boundary  layor 

•  Optical  tblcknoss  and  cloud  base  hoigbt  of  tbia  clouds 

-  TTopoapbarlc  aaroraola 
o  Stratoaphorlc  aoroaola 

-  Tropopauso  haipht 

It  is  planned  to  porfom  noaauraaonts  of  tbaso  atnos^eric 
paranotora  at  diffaront  tinaa  ever  a  solactod  location  with  good 
probability  for  adogiuato  woatbor  conditions,  ht  tho  present 
status  of  planninp.  this  site  will  be  in  the  western  Sahara 
desert,  laeh  aeasurenent  over  this  site  will  take  only  sone  5 
ninutes  and  yield  Cats  fron  a  strip  of  about  2000  kw  length. 
Sinultaneous  to  the  lidar  aeasurenents  froa  Spacelab,  a  pound 
truth  canpaign  will  be  carried  out  to  validate  the  data  gathered 
by  the  Spacelabolidar  with  groundbased  and  airborne  instruaenta** 
tion. 

Another  set  of  aeasurenents  perforaed  with  the  Spacelab^lidar 
will  yield  ataospheric  backscatter  data  along  a  strip  of  sons 
8000  ka  length  (20  ain  neasureaent  duration)  over  central  Europe. 
Data  froa  this  aeasurenent  will  cover  a  wide  variety  of  aeteoro- 
logical  situations,  nose  data  can  be  validated  with  aeasureaants 
froa  a  passive  radioaeter  that  is  part  of  the  Spacelab-lidar,  and 
with  data  froa  passive  sounders  on  other  aeteorological  satelli¬ 
tes  and  froa  ground  based  observation  stations. 

The  figure  shows  the  Spacelab-lidar  as  it  is  aounted  in  Space 
Shuttle.  It  is  located  in  two  Getaway-Special  (GAS-i  containers 
that  are  aounted  to  the  Unique  Support  Structure  (i SS)  of  the 
Spacelab  Facility.  The  GAS-containers  have  been  selected  as 
priaary  structure  for  the  lidar  since  they  provide  an  environaent 
to  house  non-space  qualified  parts  in  orbit.  Thus  the  tiae-  and 
cost-consuaing  qualification  procedures  for  each  lidar  coaponent 
of  the  lidar  can  be  strongly  reduced  to  an  overall  qualification 
of  the  coaplete  systea. 

One  GAS-container  holds  the  coaplete  transaitter  asseably  with 
laser  and  beaa  expanding  telescope,  as  well  as  the  power  supply. 
Also  included  is  a  passive  IR-radioaeter  for  validation  aeasure- 

aents. 

The  transaitter  laser  is  a  flashlaap-puaped  Nd:TAG  laser  with 
frequency  douoler.  The  transaitted  energy  is  300  aJ  at  the 
fundaaental  frequency  of  l.OS  pa  and  200  aJ  at  the  haraonic  at 
0.532  |ia.  Both  frequencies  are  eaitted  siaultaneously  with  a 
pulse  rate  of  10  Hs.  The  beaa  divergence  behind  the  beaa 
expansion  telescope  can  be  as  low  as  0.2  arad  at  1.06  pa.  Power 
consuaption  of  this  laser  is  600  W  (average) . 

One  feature  of  the  transaitter  asseably  is  that  the  laser  beaa 
can  be  directed  over  an  angle  of  8  arad  in  each  direction.  This 
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bttWi  stavring  capability  ia  raguirad  for  an  activa  alignaant  of 
transnittar  and  racaivar  containars  of  tha  lidar  in  apaca. 

Sinea  tha  lasar  is  nountad  in  tha  GAS-eontainar ,  it  can  oparata 
in  a  nitrogan  atnosphara  at  nornal  prasaura.  It  is  forasaan  that 
tha  lasar  is  coolad  with  a  hast  axchangar  to  tha  Fraon-loop  of 
tha  Spacalsb.  Howavar,  ainca  it  is  not  cartain  yat  if  tha  fraon- 
loop  is  prasant  in  tha  spacalab  nission,  a  radiation  coolar  on 
tha  GAS-containar  can  ba  usad  as  an  altarnatiaa.  In  this  casa, 
tha  duty  cycla  of  tha  transnittar  lasar  must  ba  raducad  sonawhat 
during  tha  longar  naaauranants . 

Tha  racaiving  talascopa  with  signal  and  alignnant  datactors  ara 
mountad  in  a  sacond  GAS-containar  with  a  lid  that  is  opanad  for 
tha  naasuramant.  This  containar  has  an  axtansion  on  tha  raar  sida 
that  houaas  tha  datactors  and  racaivar  alactronics,  as  wall  as 
a  vidao  canara  for  tha  navigation  of  tha  data.  This  axtansion  is 
prassurizad  to  atnospharic  prassura,  whila  tha  racaiving  talas¬ 
copa  in  tha  main  structura  of  tha  GAS-containar  is  opan  to  tha 
spaca  anvironmant. 

A  compact  Cassagrain-talascopa  is  usad  as  photon  collactor.  It 
has  a  diamatar  of  0.48  m  and  an  ovarall  langth  of  only  0.65  m. 
Oiamatar  and  langth  ara  limitad  by  tha  siza  of  tha  GAS-‘;ontalnar . 
Tha  short  langth  is  achiavad  by  using  a  primary  mirror  with  small 
focal  langth  (P  •  2) ,  and  a  ralativaly  larga  sacondary  mirror. 
Tha  obscuration  by  this  sacondary  mirror  is  19  and  including 
tha  mounting  structura,  tha  aff activa  araa  of  tha  racaivar  is 
0.15  a*.  This  corrasponds  to  an  unobscurad  talascopa  with  0.41  a 
diamatar. 

Tha  axtra  alignmant  channal  is  nacassary  sinca  transmittar  and 
racaivar  ara  mountad  in  saparata  containars.  A  guadrant-datactor 
is  usad  that  *saas'  tha  strong  raturn  signal  from  tha  ground  or 
optically  dansa  clouds.  Tha  signal  from  this  alignmant  datactor 
is  usad  to  staar  tha  transmittad  lasar  baam  into  tha  cantar  of 
tha  racaivar  FOV.  This  is  usually  dona  in  an  automatad  faadback 
loop,  but  also  can  ba  dona  manually  from  a  control  modulo  in 
Spacalab. 

Tha  dataction  alactronics  is  also  housad  in  tha  axtansion  of  tha 
rocaivar-GAS .  Tha  signals  from  tha  red  and  groan  channals  ara 
digitizad  with  a  12  bit,  3  MHz  ADC,  whila  tha  alignmant  channel 
can  oparata  with  reduced  accuracy  and  bandwidth  (8  bit,  0.5  MHz). 
Tha  digitizad  signals  ara  transmittad  by  a  serial  bus  to  tha 
recorder  module  in  Spacalab. 

Tha  Spacalab-lidar  will  oparata  as  an  autonomous  instrument,  but 
can  also  ba  operated  manually  from  Spacalab.  Tha  control  unit  is 
rack-mounted  and  comprises  a  signr 1-scopa,  an  indicator  for  the 
alignmant  detector  signal  and  a  joystick  for  manual  realignment. 
Maasurament  data  are  stored  on  a  Winchastar  disk  that  is  housed 
in  this  control  unit.  Tha  Interface  to  the  transmittar/racalvar 
modules  is  a  serial  'HACS'-bus  for  maasurament-,  control-  and 
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hous*  k««pina  data.  Tha  data  froa  tha  vldao  caaaara  ara  atorad  by 
a  Spacalab  vidao-raeordar  rack. 

Tlaa  Scala 


Tha  daalgn  of  tha  Spacalab-lldar  ia  aufflclantly  aiapla  to  allow 
Ita  eonatructlon  within  a  tiaa  fraaa  of  19  aontha.  Howavar.  for 
tha  intagration  of  tha  inatruaant  in  Spacalab,  anothar  12  aontha 
is  raquirad,  and  tha  Shuttla  intagration  takas  anothar  yaar.  Dua 
to  tha  uncartain  launch  data  of  tha  naxt  Spacalab  aission,  it  is 
not  eartain  yat,  whan  tha  Spa ?alab-lidar  will  actually  ba  flown. 
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PERFORMANCE  TESTING  OF  THE  SHUTTLE  LASER  ALTIMETER 

Jack  L  Bufton  and  James  B.  Garvin 

Goddard  Space  Flight  Center 
Greenbelt,  Maryland  20771 


A  laser  ranging  instrument  has  been  developed  for  aldmeiry  measurementt  of  the  Earth's  surface 
along  the  nadir  track  of  the  Space  Shutde.  The  Shutde  Laser  Altimeter  is  designed  for  transmission 
of  a  short  laser  pulse  and  recepdon  of  the  backscattered  laser  radiadon  from  the  Earth's  surface.  The 
source  laser  is  a  Q-switched  Nd:YAG  operadng  at  its  fundamenul  wavelength  of  1.064  pm.  A 
reflector  telescope  and  silicon  avalanche  photodiode  are  the  basis  of  the  aldmeter  receiver.  Laser, 
telescope,  detector,  data  processing  and  storage  electronics,  and  dc  power  supplies  are  packaged  for 
spaceflight  into  two  adjacent  Get-Away-Special  canisters.  This  provides  the  basis  for  a  very  compact 
a^  low-cost  interface  to  the  Space  Shutde. 

Prinuuy  data  produced  by  this  instrument  are  the  laser  pulse  dme-of-flight,  pul»  energy,  and  die 
spreading  of  the  laser  pulse  by  the  target  surface.  Laser  aldmeter  dme-of-flight  data  provide 
meter-level  resolution  topography  measurements.  The  pulse  waveform  measurements  yield 
addidonal  informadon  on  target  backscatter  cross-section  and  target  structure  within  the  laser 
footprint.  Prime  applicadons  of  this  instrument  are  measu*ement  of  topographical  profiles  of 
vol^ic,  mountain-region,  and  desert  lardforms. 

While  awaidng  spaceflight  opportunides,  the  Shutde  Laser  ALdmeter  (SLA)  has  been  tested  from  a 
high-aidtude  aircraft  platform.  The  primary  objectives  in  these  tests  were  the  veriflcadon  of 
instrument  performance  and  the  simuladon  of  las^  ranging  from  a  spacecraft  platform.  For  these 
tests  die  SL^  instrument  was  posidoned  for  nadir  obs^adons  from  the  NASA  T-39  Sabreliner 
high-aldtude  jet  aircraft  Dau  were  acquired  on  a  number  of  flights  at  aldtudes  as  high  asl2  km 
above  sea  level.  Aldmetry  results  ate  available  from  flights  over  mountain-region  terrain  in  the 
Eastern  U.S.,  Adandc  Ocean  coastal  waters,  various  cloud-layers,  and  a  variety  of  volcanic, 
etosional,  and  impact-related  landfotms  in  the  vicinity  of  Flagstaff,  AZ.  These  datasets  permit 
instrument  perfoimance  to  be  assessed  as  a  simuladon  space-based  laser  altimeter  measurements. 

An  assembly  view  of  the  SLA  instrument  appears  In  Hg.  !.  One  canister,  equipped  with  a  mounized 
door  assembly,  contains  the  laser  transmitter,  receiver  telesoc^,  and  detectors  of  the  laser  altimeter 
instrumenL  it  also  has  a  large  diameter  glass  window  to  maintain  up  to  1  atm  of  pressure  inside  the 
canister  and  sdll  provide  the  maximum  clear  apertun;  of  0.38  m  for  laser  altimeter  operadon.  The 
motorized  door  is  closed  during  launch  and  landing  and  then  opens  on-orbit  for  eiqieriroent  operadon. 
The  second  G.A.S.  canister  contains  the  battery  power  supply,  altimeter  data-^uisidon  electronics, 
flight  coirmuter,  upe  recmder,  camera,  and  IR  radiometer.  This  canister  also  is  sealed  to  provide  up 
to  1  atm  of  internal  pressure.  Its  upper  lid  contains  two  7  cm  diameter  (clear  aperture)  windows  fw 
observadons  with  a  camera  and  IR  radiometer.  Both  of  these  instruments  provide  data  products  for 
post-mission  idendficadon  of  altimetry  targets.  The  support  module  is  joined  with  the  laser  altimeter 
module  by  a  power  and  data  cable.  Battery  power  from  the  support  module  is  touted  to  the  major 
power  user,  the  laser,  in  the  altimeter  camster.  Altimetry  data  pulses  from  the  detectors  are 
transferred  ^  this  caUe  in  the  other  diiecdon  to  the  support  canister  for  processing  and  recording. 

The  overall  block  diagram  of  Fig  2.  indicates  the  interconnecdon  of  the  various  sensor, 
^ta-processing,  and  data-storage  electronics.  Figure  3  illustrates  the  det^s  of  the  ranging  and 
waveform  digidzadon  electronics.  The  transmit  pui%,  from  a  Si  PIN  photodiode  at  the  laser  output, 
is  split  to  pnmde  signals  to  start  the  dme-interval-unit  and  measure  transnutted  pulse  energy.  The 
receive  pulse  from  the  Si  avalanche  photodiode  detector  is  also  split  in  order  to  stop  the 
dme-interval-unit,  provide  input  to  the  receiver  pulse  energy  monitor,  and  provid'  input  to  12 
channels  of  waveform  digidzadon.  The  taUe  gives  a  summary  of  transmitter  and  receiver  instrument 
parameters  for  the  Shutde  Laser  Altimeter. 
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The  SLA  instrument  operation  is  based  on  a  high  signal-to-noise  environment  in  which  each  laser 
pulse  can  be  used  for  a  unique  range  measurement.  No  pulse-to-pulse  averaging  is  used  for  terrain 
profiles,  since  it  is  most  important  to  maximize  horizontal  resolution  from  orbit  while  simultaneously 
minimizing  laser  pulse  rates.  Laser  altimeter  signal  strength  depends  on  laser  pulse  power 
backscatter^  from  the  target  surface  and  collected  by  the  receiver  telescope.  G}mpeting  processes 
are  optical  background  noise  and  detector  noise.  Calculations  of  these  quantities  can  be  used  for 
comparison  with  measurements  of  signal-to-noise  ratio  in  altimeter  field  tests. 

Figure  4  presents  an  example  record  from  the  SLA  airborne  science  mission  in  Nonhem  Arizona  in 
October  1986.  These  data  illustrate  topographic  profiling,  pulse-spreading  due  to  rough  terrain,  and 
surface-albedo  variations.  The  Eaith-sunace  target  for  Uiis  dataset  was  the  SP  Lava  Row  nonh  of 
Ragstaff,  AZ.  These  data  were  acquired  at  an  altitude  of  3.4  km  above  ground  level  at  a  IS  pps  laser 
repetition-rate  with  a  T-39  ground  speed  of  about  1 10  m/sec.  The  laser  altimeter  footprint  on  the 
surface  was  about  3  m  in  diameter  with  successive  pulses  separated  by  7.3  m  for  a  4S%  duty-factor 
coverage  of  the  surface.  Data  acquired  over  the  flat  desen  adjacent  to  the  flow  exhibit  rms  range 
variations  at  the  sub-meter  level  that  are  consistent  with  the  nsec-level  instrument  resolution  and  the 
high  signal-to-noise  of  these  measurements.  Over  the  rough,  blocky  lava  flow  the  range  record 
shows  a  distinct  increase  in  pulse-to-pulse  variation  and  the  rms  pulse  width  nearly  doubles  from  a 
nominal  0.9  m  to  1.7  m.  There  is  also  a  factor-of-two  decrease  in  peak  pulse  amplitude  over  the 
flow.  All  three  effects  are  apparent  in  the  data  record  of  Fig.  4.  The  top  trace  is  a  series  of  pulse 
waveforms  in  which  each  plot  is  the  average  over  ten  adjacent  v/aveforms.  The  lower  amplitude  and 
wider  pulses  over  the  Row  are  apparent  Tlie  lower  trace  of  the  altimetry  range  record  reveals  the  10 
m  step  function  at  the  edge  of  the  SP  Lava  Row  and  the  fine  structure  of  the  jagged  volcanic  material 
for  the  lava  flow  traverse. 

Similar  profiles  and  waveform  measurements  are  available  for  a  variety  of  other  landforms  in 
Northern  Arizona.  Notable  among  these  are  topographic  profiles  with  1-2  km  of  vertical  relief  and 
surface  slopes  up  to  80^  for  the  Grand  Canyon  and  Humphrey's  Peak  and  the  first  very-high 

resolution  profiles  of  the  young  impact  structure.  Meteor  Crater,  near  Winslow,  AZ.  These  and  other 
East-Coast  data  sets  will  be  examined  to  determine  the  signifcance  of  the  geoscience  investigations 
and  the  engineering  performance  of  the  Shuttle  Laser  Altimeter  from  a  space  platform. 

Figure  4  Laser  altimetry  of  the  SP  Lava  Row,  AZ;  N-S  traverse,  23  October  1986. 
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]Hnr«loin«iit  of  Losors  and  Spoetral  £<]uipa«nt  for  Moaparcaaot 
of  AtBOspherlc  Molecular  Gaaao 

V«B*  Buar 

Znatltuta  of  Atmoapherio  Optica*  Siberian  Branch*  USSR 
Acadany  of  Sclencea,  Tooak*  630055,  U«S*S«R« 

The  paper  oonaldera  the  problaaa  of  laaer  appUcatlona 
and  laaer  equipaent  developed  to  Inveatlgate  the  vlbratlon- 
-rotation  abaoxptlon  apectra  of  atnoapherio  nolecular  gaaea 
aa  well  aa  the  meaaureaenta  of  their  concentration  In  the  fi¬ 
eld  conditlona  baaed  on  reaearchea  carried  out  at  the  Inatl- 
tute  of  Atnoapheric  Optica  SB  USSR  Acadany  of  Sclencea* 

1*  The  aet  of  spectronetera  developed  Includeat 

-  wlde-band  Intracavlty  apectrometera ; 

-  laaer  apectrometera  with  multipaaa  gaa  cella  with  a  ba- 
ala  up  to  110  a: 

-  <9toacou8tlc  apectrometera t 

-  a  fluoreacent  laaer  spectrometer* 

Intracavlty  apectrometera  allow  the  wide-range  detection 
to  be  made  with  the  width  up  to  200  ca*'^  and  threahold  aen- 
aitlvlty  to  abaorptlon  10“'  -  l0"®ca”*** 

Laaer  apectrometera  with  external  multipaaa  cella  with 
baaea  3*?0  and  110  a*  apectral  reaolutlon<l0‘’^  ca'"^*  the 
operating  temperature  range  40  *..  80*C  were  developed 
uaing  the  ruby-,  Nd-glaaar  alexandrite-  and  dye-laaera* 

Optoacouatlo  apectrometera  were  developed  uaing  the  ruby-* 
Hd-glaaa-  and  C02-laaer8*  A  apectrophone  was  uaed  as  a  rece¬ 
iver*  The  absorption  senaitivity  is  10“®  -  10“^  ca”*^ 
(cm'V''). 

A  aultlpurpoae  laser  speetromater  operates  In  the  six 
spectral  ranges  Tdthin  0*2  -1*2  jm»  The  fluorescent  channel 
sensitivity  is  lO"'*'*  cm”*** 

2*  Using  the  spectronetera  developed  the  following  absor- 
ptlim  lines  were  recorded!  some  thousands  of  new  absorption 
lines,  tens  of  previously  imknown  ^0,  002*  C2H2f  H2O*  NH^* 
CE^*  HBr  molecxilar  absorption  bands  and  their  isotopes* 
various  molecular  Interactloxis  were  studied* 
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The  quantitatlTe  epectroscople  data  (Stained  were  widely 
uaed  for  laser  gaa  asalysla  of  the  ataoaphere* 

3*  Durlag  the  last  decade  a  great  deal  of  research  has 
been  undertakea  together  with  the  developaent  and  use  of  la¬ 
ser  spectrometers  at  the  Institute  of  Atmospheric  Optics  in 
the  field  of  laser  application  for  detexmining  conoentratiozis 
of  different  atmospheric  gases  and,  especially,  Atmospherlo 
pollutants*  Special  attention  is  paid  to  the  C02~ laser  use 
as  being  the  most  perspective  for  the  above  purposes  [1]  • 

In  this  case  we  have  widely  used  the  differential  technique 
in  the  trace  gas  analysers* 

Over  the  last  several  years  much  attention  has  been  focu¬ 
sed  on  solving  the  problems  of  Increasing  applications  of 
C02-laser  and  the  other  IR  molecular  lasers  in  the  systems  of 
operative  atmospheric  gas  anal^ls*  This  has  become  possible 
for  us  due  to  the  teehnological  advances  in  obtaiziing  the  high- 
-quallty  ternary  semiconductor  Zn0eP2  monocrystal  and  in  cre¬ 
ating  the  high-efficiency  nonthreshold  parametric  frequency 
converters  of  CO2-  and  GO- laser  radiation*  Due  to  the  appro¬ 
ach  developed  thia  made  it  possible  to  analyse  any  gas  with 
the  absorption  lines  within  the  2-11  pm  wavelength  range  cor¬ 
responding  to  the  maziaun  transmission  region  of  this  crystal* 
As  follows  from  the  analysis  of  optical  linear  and  nonli¬ 
near  characteri sties,  the  ZnGreF2  monocrystals  are  the  most 
applicable  for  the  frequency  conversion  of  the  2  -  8*3  pm 
radiation*  In  particular,  they  are  the  most  effective  frequ¬ 
ency  doublers  of  CO- laser  radiation  and  C02-'laaer  second  har¬ 
monic  radiation,  for  example,  irtxen  the  cascade  higher  order 
harmonics  are  generated* 

When  using  the  ZziGeP2  monocrystal  the  2-11  pm  wavelength 
range  can  be  overlapped  by  the  frequency-converted  radiation 
of  one  C02-laser  with  application  of  two-cascade  frequency 
converters  capable  to  mix  the  CO2- laser  self-radiation  and 
that  of  its  harmonics*  Dense  overlapping  of  radiation  spect¬ 
rum  is  obtained  with  the  use  of  two  C02-lasers  or  one  double- 
frequency  laser*  Additional  possibilities  are  presented  by 
mixing  the  CO2-  and  CO-laser  radiation  frequencies* 

Finally,  we  are  faced  with  tdxe  problem  of  overlapping  of 
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the  entire  wevelength  range  by  a  fine  "tooth-co^**  of  synthe¬ 
sised  narrow  (  ca~'^)  laser  lines  and  on  this  basis  It  Is 

possible  to  develop  the  las«r  sets  for  analyzing  any  ataosphe- 
xlc  gas  with  absorption  lines  In  this  wavelength  range. 

The  Joint  results  obtained  until  now  at  the  Institute  of 
Ataospherlc  Optics  and  at  the  Siberian  Physlco-Technlcal  Ins¬ 
titute  at  Toaak  State  University  have  Bade  possible  the  growth 
of  the  ZnGeP2  single  crystals  with  the  dlaaeter  up  to  20-25  aa 
and  the  length  up  to  150  aa*  The  best  saaqples  are  characteri¬ 
sed  by  the  values  of  absorption  coefficients  In  the  region  of 
aaxlaua  transalcslon  of^O.1  ca''^* 

Our  Investigations  supported  the  possibility  of  creating 
the  efficient  sources  of  coherent  radiation  in  the  aiddle 
Infrared  on  the  basis  of  C02-la8ers  and  frequency  converters 
with  the  ZnGeP2  aonocry stale* 

High  daaage  level  of  ZnGeF2  operation  characteristlca  al¬ 
lows  the  C02-laser  radiation  frequency  converters  with  ZnGeP2 
to  be  coapetitlve  with  those  based  on  CdGeAS2  end  another 
nonlinear  crystals* 

Previously  we  reported  on  the  aeasureaent  of  CO  concentre 
tlon  \tslng  a  aobile  trace  gas  azialyzer  equipped  with  a  frequ¬ 
ency-doubled  C02>la8er  [2]*  As  the  aeasureaents  indicated, 
the  unit  was  capable  to  detect  the  CO  concentration  up  to 
4  ppb  at  the  2  Ion  path*  At  present  we  have  developed  an  la- 
proved  variant  of  a  aobile  fully  autoaatlzed  gas  analyzer* 
ngure  1  shows  a  block-dlagraa  of  the  aodeznized  gas  analy^ 
zer  Including  low-pressure  two  frequency-tuned  CO^  and  one 
CO 'lasers  and  a  set  of  the  ZnGeP2  aonocrystal  frequency  conve¬ 
rters* 

The  laser  wavelength  tuning,  piezoelectric  frequency  ad- 
Justaent  and  adjustaent  of  ZnGep2  aonocrystal  to  sTnchronisa 
direction  as  well  as  digitizing  and  processing  of  photorecei- 
ver  signals  are  aade  using  a  coaputer  cos^lez  "CAIIAC  HERA-60^ 
The  potentialities  of  this  complex  are  expanded  idien  using 
a  memory  on  hard  magnetic  disks* 

The  results  of  simulated  estiaatlon  were  supported  by  fi¬ 
eld  measurements  of  the  aultlcomponent  real  atmosphere  and 
demonstrated  high-operational  characteristics  both  of  the 
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K  DIAL  Syatam  for  High  Rosolution  Wator  Vapor  KaaaurMMnta 

in  tha  Tropoaphora 
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Water  vapor  ia  a  minor  conatituent  of  tha  atiaoaphare  which  la  of 
great  Importance  for  many  atmoapharic  proceaaea.  Rather  small 
changaa  in  concentration  can  atrongly  affect  other  parameters, 
e.g.  the  radiation  budget  by  formation  of  clouds.  In  our 
institute  the  request  for  experimental  data  on  water  vapor 
originated  from  studies  of  organized  convection,  %d>ere  the 
transport  of  water  vapor  and  the  associated  condensation 
obviously  is  one  of  the  key  processes.  Prom  this  tfe  derived  our 
definition  of  the  term  "high  resolution”,  it  is  meant  to  be  a 
spatial  and  temporal  resolution  sufficient  for  studies  of  at 
least  medium  scale  convective  processes,  or  in  approximate 
numbers,  30  sec  in  time,  100  m  in  height,  5t  accuracy  within  the 
mixed  layer  (about  1.5  km).  The  same  system  can  be  used  for 
measurements  up  to  greater  heights.  Temporal  and  spatial  reso¬ 
lution  are  of  course  decreasing  with  height,  but  compared  to 
conventional  radiosonde  measurements  this  iresolution  can  still  be 
considered  "high"  throughout  the  troposphere. 

The  system  we  have  built  up  to  reet  the  requirements  of 
convection  studies  is  sketched  in  fig.l,  in  principle  it  is 
similar  to  systems  which  have  been  described  by  other  groups 
before.  One  important  feature  is  the  use  of  2  dye  lasers  ,  tdtich 
are  synchronously  pumped  with  a  time  difference  of  200  iisec.  The 
reason  for  this  is,  that  because  of  the  small  beam  diameter  (<1  m 
for  heights  <  2  km)  the  aerosol  in  the  scattering  volume  may  be 
exchanged  faster  than  a  single  laser  can  be  switched  between  2 
wavelengths.  Then  the  basic  assumption  in  the  derivation  of  the 
DIAL  equation  may  be  violated,  that  backscatter  coefficients  do 
not  differ  for  on  and  off  line  iiravelengths .  The  use  of  2  lasers 
avoids  this  problem,  but  introduces  the  problem  of  different  beam 
shapes  and  pointing.  Even  slightly  different  beam  shape  for  the  2 
lasers  prevents  us  from  using  the  region  of  Incomplete  overlap 
with  the  field  of  view  of  the  telescope  for  height  resolved 
measurements,  and  signal  dynamics  cannot  be  reduced  by  geometric 
compression.  For  the  region  of  complete  overlap  the  pointing 
accuracy  can  be  made  sufficiently  good  using  ultra  high 
precision  beam  steering  components. 

Another  crucial  point  is  the  wavelength  stability  of  the  laser, 
as  well  as  the  tuning  accuracy.  The  stability  (  without  active 
stabilization  )  is  very  good,  we  have  measur^  0.01  cm-^  drift 
within  4  hours  of  operation.  For  tuning  to  the  linecenter  we  are 
using  a  photoacoustic  cell  filled  with  HaO  at  about  15  mbnr.  The 
tuning  accuracy  to  the  center  of  the  low  pressure  line  is 
estimated  as  0.004  cm-^.  Bandwidth  averaged  over  100  shots 
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typically  Is  0.03  cn-*-  (FHHM),  neasured  by  a  Fizeau  multlbean 
interferometer . 

The  most  critical  point  in  high  gain  lasers  with  oscillator- 
aa^>li£ier  configuration  is  spectral  impurity,  defined  as  fraction 
of  potier  out  of  assumed  laser  line  shape  (usually  broadband 
amplified  spontaneous  eoiission  vlth  very  low  spectral  power 
density  ) .  For  errors  in  water  vapor  retrieval  less  than  10%  up 
to  an  optical  depth  of  2  spectral  Impurity  less  than  1.5%  is 
required.  The  specification  of  our  laser  is  ASE  <  1%,  in  practice 
this  can  be  achieved  only  by  a  very  tedious  adjustment  procedure, 
because  at  the  present  time  the  result  of  adjustments  can  be 
seen  only  by  performing  test  measurements  in  the  atmosphere. 

A  basic  difficulty  for  a  remote  sensing  system  like  this  is  the 
assessment  of  accuracy.  The  usual  method  of  intercomparison  with 
a  radiosonde  is  not  adequate,  because  of  the  different  sampling 
properties,  both  in  space  and  time,  and  because  of  the  limited 
accuracy  of  radiosondes,  too.  Since  the  accuracy  of  a  DIAL  system 
is  strongly  dependent  on  its  adjustment,  self  test  capabilities 
are  mandatory.  Intercomparisons  with  other  instruments  for  every 
new  adjustment  are  almost  impossible.  So,  since  the  density  of 
water  vapor  in  the  measurement  volume  is  unknown,  one  has  to  look 
for  other  quantities  which  can  be  used  for  testing.  It  should  be 
remembered,  that  the  DIAL  equation  gives  the  product  n*(Oon- 
Oo««).  So  a  convenient  test  is  to  choose  on  and  off  line 
wavelengths  such  that  Oon*Ooxx,  the  result  then  does  not  depend 
on  the  number  density  n.  If  both  lasers  are  tuned  to  an  off  line 
wavelength,  errors  due  to  detector  and  electronics  nonline¬ 
arities,  beam  geometry,  incorrect  timing,  and  signal  noise 
(underestimated)  can  be  detected.  This  is  a  very  simple  test 
which  already  covers  a  large  number  of  error  sources,  it  is 
routinely  applied  during  our  measurements.  A  more  critical  test 
results  if  both  lasers  are  tuned  to  an  on  line  wavelength.  Then 
in  addition  errors  due  to  incorrect  tuning  and  differences  in 
spectral  purity  are  detected,  errors  due  to  signal  noise  are 
overestimated  in  this  case.  Unfortunately  this  test  requires  that 
both  lasers  are  optimally  adjusted  for  narrowband  operation, 
which  is  not  necessary  for  the  DIAL  experiment  Itself.  So  we  did 
not  perform  this  test  for  all  measurements. 

Yet  another  test,  which  shows  the  error  due  to  spectral  impurity, 
is  to  use  2  lines  with  different  linestrengths .  The  ratio  of 
optical  depths  for  the  2  lines  then  should  be  constant  with 
height  (equal  to  the  ratio  of  the  line  strengths),  from  the 
deviations  spectral  impurity  can  be  calculated. 

When  our  system  had  passed  these  tests  successfully,  we  always 
got  reasonable  results,  i.e.  the  distribution  of  water  vapor 
concentration  in  space  and  time  was  in  accordance  with  the 
meteorological  situation,  and  the  agreement  with  radiosonde 
ascents  was  within  the  limits  given  by  tlie  different  sampling 
properties  (  we  had  to  compare  with  ascents  started  about  100  km 
away  ).  Figures  2  and  3  show  examples,  fig. 2  for  an  unstable 
stratification  during  the  afternoon  with  a  patchy  pattern  typical 
for  a  convective  situation.  Fig. 3  is  a  measurement  on  the  same 
day  in  the  late  evening.  Stratification  was  stable  in  this  case. 
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A  Differential  Absorption  Lidar  System  for  Measurements  of 
Tropospheric  NO,  NO2.  SO2  and  O3 

Barrie  W  Jolliffe,  Elisabeth  Michelson,  Nigel  R  Swann 
and  Peter  T  Woods 

Division  of  Quantum  Metrology.  National  Physical  Laboratory 
Teddington  TWIl  OLW,  UK 


1.  INTRODUCTION 

A  differential-absorption  lidar  facility  has  been  developed  by  the  National  Physical  Laboratory 
and  mounted  in  a  custom-built  vehicle.  It  is  now  being  deployed  in  a  range  of  field 
measurement  exercises.  The  facility  operates  in  either  a  mobile  or  a  stationary  scanning 
mode.  It  is  presently  capable  of  range~resolved  measurements  of  the  atmospheric 
concentrations  of  NO,  NO2.  SO2  and  O3  in  the  troposphere  in  the  visible  and  ultraviolet 
regions  of  the  spectrum.  The  system  can  be  configured  to  monitor  up  to  three  species 
near-simultaneously  and  is  currently  being  extended  so  that  it  can  be  operated  in  the 
infrared. 

The  novel  scientific  features  of  the  laser  transmission  system,  the  optical  receiver,  and  the 
electronic  dau-collection  and  processing  systems  are  presented  below  and  their  effects  on 
system  performance  will  be  outlined.  Examples  of  measurements  around  industrial  and  urban 
areas  are  also  presented. 


2.  LASER  TRANSMISSION  SYSTEM 

The  DIAL  facility  uses  frequency-doubled  and  -tripled  YAC  lasers  to  excite  three  tunable 
narrow-linewidth  dye  lasers.  Figure  1  shows  a  schematic  of  the  laser  transmission  and 
receiving  systems.  The  oscillator  cavities  of  the  dye  lasers  have  elemenu  within  them  so  that 
each  laser  generates  alternate  pulses  with  two  indepr  idem  wavelengths.  NO2  measurements 
are  made  at  wavelengths  around  448  nm;  SO2  and  O3  measurements  are  made  by 
frequency-doubling  dye  laser  radiation  at  waveieng^  around  600  and  S80  nm  respectively: 
NO  measurements  are  made  using  radiation  at  226  nm  which  is  generated  by  frequency 
mixing  1.06  lan  YAC  radiation  with  that  of  a  frequency-doubled  dye  laser  at  576  nm. 
Radiation  at  1.06  pm  is  also  transmitted  to  provide  data  on  atmospheric  particulate  scattering. 
All  of  the  beams  are  transmitted  collineariy  into  the  atmosphere  via  an  off-axis  reflective 
collimator  and  beam  expander. 

The  laser  wavelengths  are  monitored  using  both  a  calibrated  monochromator  with  diode-array 
readout,  and  absorption  gas  cells.  The  system  is  being  upgraded  to  incorporate  an  on-line 
wavemeter. 


3.  RECEIVING  SYSTEM 

The  Dall-Kirkham  receiving  telescope  is  capable  of  being  scanned  to  provide  three- 
dimensional  coverage  of  the  atmosphere.  The  transmitted  beams  are  propagated  coaxially 
with  the  telescope.  The  backscatter-retum  signals  are  collimated,  separated  in  wavelength  by 
dichroic  beam  splitters  and  directed  via  narrow-bandwidth  interference  filters  onto  one  of 
three  photomultipliers  or  an  infrared  detector  (Figure  1).  It  has  been  de.nonstrated  that  the 
design  of  the  receiving  telescope  and  interference  filters  in  combination  affects  the  capabilities 
of  the  DIAL  system,  particularly  in  the  near  field.  Reliable  measurements  are  now  achieved 
at  ranges  of  >  SO  m. 
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4.  DATA  COLLECTIOM  AND  PROCESSING  SYSTEM 

The  mobile  DIAL  facility  houses  a  dedicated  LSI  11/73  minicomputer  (with  associated  storage 
media)  to  control  the  dau  collection  system.  A  second  LSI  11  is  used  for  dau  processing. 
A  CAMAC  system  (Figure  2)  which  serves  as  the  interface  for  instrument  control  and  data 
collection,  houses  four  transient  recorders  (2C  MHz  at  10  bits  or  10  MHz  at  12  biu)  to 
digitise  the  data  from  the  four  detection  channels.  All  the  uansient  recorders  used  have 
demonstrated  non-ideal  performance  and  some  effects  of  this  will  be  presented.  Their 
resolution  may  effectively  be  improved  under  certain  operating  conditions  by  adding  a  variable 
voluge  offset  to  the  backscatter  signals.  This  has  provided  improvemenu  in  the 

signal-to-noise  ratio  of  the  measurements  by  at  least  a  factor  of  two  at  certain  ranges. 


S.  MEASUREMENT  RESULTS 

DIAL  measurements  have  been  carried  out  around  a  number  of  induftrial  areas  and  examples 
are  given  below.  The  results  have  also  been  compared  with  those  obuined  by  calibrated 
in-stack  monitors. 

(i)  SO2  Measurements 

Three-dimensional  profiles  of  atmospheric  SO2  concentrations  have  been  measured  around  oil 
renneries  and  power  plant.  Figure  3  shows  the  concentration  profiles  of  a  plume  emitted  by 
a  7GW  power  plant  at  three  distances  downwind  and  illustrates  the  'touch-down*  of  the 
plume  onto  the  ground.  Alternatively  the  total  SO2  emissions  of  any  source  can  be 
determined  by  sc^tning  the  laser  beam  across  the  emitted  plume  close  to  the  suck  exit. 
Measurements  have  been  carried  out  which  agree  with  those  obuined  by  calibrated  monitors 
within  the  suck  to  t  10%. 

(ii)  NO2  Measurements 

DIAL  measurements  have  been  carried  out  around  industrial  and  urban  areas  as  part  of  a 
project  to  demonstrate  UK  compliance  with  the  European  Community  Directive  on  NO2  air 
quality.  Figure  4(a)  shows  a  result  obuined  when  monitoring  the  dispersal  of  NO2  emissions 
downwind  of  a  nitric-acid  production  plant.  Figure  4(b)  shows  the  concentrations  of  traffic- 
related  NO2  in  a  street  in  central  London,  illustrating  that  maximum  NO2  concentrations  do 
not  always  occur  at  road  levels  but  can  occur  where  the  effects  of  atmospheric  mixing 
produce  conditions  of  maximum  oxidation  of  NO  to  N02- 

(iii)  Simuiuneous  NO  and  NO2  Measurements 

Simultaneous  range-resolved  measurements  of  these  two  gases  have  been  carried  out  to 
provide  dau  on  the  dispersion  ar-d  chemical  reactions  occurring  in  industrial  plumes  and 
urban  atmospheres,  and  examples  of  :Ke  results  will  be  presented. 

(iv)  03  Measurements 

The  vertical  concentration  profiles  of  tropospheric  ozone  have  been  measured  for  24  hr 
periods  during  a  European-^mmunity  project  to  evaluate  the  production  and  build-up  of 
photochemical  ozone  around  the  London  area.  The  results  have  also  provided  data  on  the 
effects  of  differential  backscatter  of  aerosols  on  DIAL  measurements  of  ozone  concentration. 
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Fig.  3  S02  distribution  in  a  potver  station  plume  measured  at  3  distances  downwind 
of  the  source. 


30 


MB4-1 


lUiiige-llcsolvcd  Heterodyne  Detection  Duel  OO2  DIAL  Meesureaents 

Uilliea  H*  Grant,  Alan  M*  Brothers,  and  David  H.  Tratt, 

Jet  Propulalon  Laboratory,  California  Institute  of  Technology,  4800  Oak  Grove 
Drive,  Pasadena,  California  91109 

Introduction 


There  are  a  nuaber  of  aeasureaents  of  ataospheric  trace  species  and 
aeroaols  of  potential  Interest  in  the  9  to  11  aicron  spectral  region  covered 
by  OO2  lasers*  While  direct  detection  OO2  lidar  systeas  have  been  used 
for  such  range-resolved  aeasureaents,  the  aeasureaent  range  for  such  systeas 
is  Halted  to  2  to  4  ka  (Flanigan,  1986).  Heterodyne  detection  OO2  DIAL 
was  proposed  by  Kobayasl  and  Inaba,  1975,  and  first  realised  by  Fdkuda  et 
el.,  1984  and  Hardesty,  1984,  using  single  laser  lidar  systeas.  Heterodyne 
detection  offers  increased  range  (to  10  ka  or  aore),  but  deaands  greater 
aystea  and  data  analysis  coaplexity*  This  paper  will  describe  aeasureaents 
asde  using  the  Mobile  Ataospheric  Polluta-t  Napping  Systea  (MAPM). 

MAPM  Description 

MAPM  Is  a  dual  CO2  laser  DIAL  systea  aounted  in  a  saaitrailer*  The 
aore  laporcant  systea  coapouents  are  listed  in  Table  1. 

The  SO-aJ  pulse  energy  ii*  sufficient  in  typical  Pasadena  ataospheres 
(8  -  10“'  b"1  to  give  a  singlu-pulse,  speckle-liaited  slgnal-to-nolse  ratio 
(see  Shapiro  et  al. ,  1981)  of  greater  than  0.9  for  ranges  out  to  2  -  3  ka, 
after  which  it  decreased  per  the  lidat;  aquation* 

Signal  Processing 

Since  a  linear  aaplifier  is  used  after  the  photoalxer,  and  since  there 
are  large  signal  fluctuations  froa  shot-to-shot  due  to  speckle,  the  signal 
processing  is  much  aore  coaplex  than  for  direct  detection.  The  algorltha 
developed  for  handling  the  data  Included  the  steps  of  saoothlng  the  data 
over  several  30-a  range  bins,  finding  the  ainiaua  noise  level,  subtracting 
it  froa  the  raw  data,  squaring  the  revised  values,  subtracting  the  pre-pulse 
noise  level,  then  adding  together  the  values  of  the  individual  pulse  pairs 
to  fora  an  average  value.  Since  speckle  is  so  pronounced,  several  thousand 
pulse  pairs  aust  be  averaged  to  obtain  signals  sppropriate  for  DIAL  aeasure- 
aents.  While  this  procedure  leads  to  a  slight  artificial  enhanceaent  of  the 
low  signal  values  froa  long  ranges  due  to  cross  teras  with  the  noise,  it 
leads  to  reasonable  aerosol  and  DIAL  results. 

Measureaents 


MAPM  has  been  operational  since  Septeaber  1986.  During  that  tine  it 
has  been  used  to  aake  aeasureaents  both  ot  ataospheric  paraaeters  and  systea 
perforaance. 
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MAPM  was  used  early  in  cha  prograa  Co  addrasa  tha  quastlon  of  DIAL 
signal  averaging  dapandanea  with  cha  nuabar  of  Ildar  signals  avaragad,  N, 
ralsad  by  Manyuk  ac  al.,  198S,  wlch  ochar  refaraneas  Included  charaln.  They 
analysed  daca  obcalnad  using  bacfcscaccar  fixed  hard  targaC,  and  found 

slgnlflcanC  daparcures  froa  cha  axpacCad  reducclon  in  cha  aeasureaanc 

acandard  davlaclon*  NAPH  was  used  Co  daaonacraCa  Chac  for  acaospherlc  back- 
scaCCer,  Cha  law  was  obeyed  ouc  Co  N  >■  1000  or  aora*  This  reaulc 

arises  because  cha  aerosols  decorralaCe  In  Claes  of  a  few  alcroseconds,  so 
chac  Independenc  speckle  paccema  are  aaasurad  for  each  Ildar  pulse,  which 
la  noc  Che  case  for  Che  fixed  hard  cargac.  These  rasulcs  agree  wlch  chose 
of  Hllcon  and  Woods,  1987.  In  addlcion,  Ic  was  shown  ChaC  If  Che  Ildar 
pulse-pair  raclo  changes  during  che  course  of  che  aeasureaenc,  slgnlflcanC 
deparCures  froa  dependence  are  co  be  expecCed.  This  would  be  Che 

case  If  che  gas  concencraclon  changed  during  Che  aeasureaenc.  If  che  aerosol 
dlscribuclon  changed  when  chere  la  slgnlflcanC  aolecular  Rayleigh  scaccer, 
or  If  che  aerosol  speccral  propercles  changed  during  Che  aeasureaenc.  (See 
Crane  ec  al. ,  1987a.) 

HAPM  was  nexc  used  co  assess  Che  ablllcy  of  hecerodyne-dececclon  CO2 
Ildar  Co  aeasure  wacer  vapor  concenc radons  ac  long  ranges,  and  In  che  pro¬ 
cess,  a  chorough  scudy  of  waCer  vapor  abaorpclon  coefflclencs  ac  CO2  laser 
frequencies  was  aade.  Ic  was  shown  chaC  Che  four  or  five  secs  of  C02~laser 
aeasured  wacer  vapor  coefflclencs  can  bo  broughc  InCo  sufascanclal  agreeaenc 
by  using  a  value  for  Che  eChylene  absorpClon  coefflclenc  aC  che  10P(14)  CO2 
laser  line  (used  for  callbracing  specCrophones)  of  35.0  ±  2.0  aca"^  ca“^ , 
and  chac  che  values  for  Che  wacer  vapor  conclmiua  so  deceralned  are  abouc 
302  higher  chan  che  currencly  accepced  value  quoced  by  Che  AFGL  (Clough  eC 
al. ,  1986),  based  on  che  speccroaecer  aeasurcaenCs  by  Burch  and  Ale,  1984. 
MAPM  was  Chen  used  Co  aeasure  wacer  vapor  concenc radons  using  chree  dlffer- 
enc  line  pairs,  each  opclaal  for  a  dlfferenc  concenc  radon-range  produce. 
(See  Crane  ec  al.,  1987b.) 

MAPM  has  also  been  operaced  on  CO2  laser  line  pairs  approprlaCe  for 
ocher  Crace  species,  such  as  ozone,  aechanol,  and  eChylene.  These  daca  were 
used  Co  help  deceralne  how  che  wasureaenc  uncerCalnCy  changes  wlch  range. 
For  che  50-aJ  pulse  energy  cyplcally  used,  and  for  an  average  of  6000  pulse 
pairs  (5  ainuces),  wlch  che  concenCraClon  deceralned  using  che  derived ve 
approach  over  each  510-a  range  Incerval,  Che  aeasureaenc  uncerCaincy  was 
found  CO  be  abouc  22  aC  2  ka.  Increasing  chereafeer  per  Che  Ildar  equa- 
Clon.  This  resulc  Is  slgnlf Icancly  beccer  Chan  Che  82  deaonsCraCed  by 
Fukuda  eC  al. ,  1984  and  HardesCy,  1984,  using  single  CO2  laser  heCerodyne 
DIAL  sysceas,  as  expecCed  because  boch  lasers  can  crack  Che  saae  acaosphere. 
These  findings  will  be  relaced  co  Crace  gas  aeasureaenc  sensldvldes  as 
well  as  Co  esdaatlng  how  coherenc-dececclon  DIAL  senslclvlcy  scales  wlch 
pulse  energy. 

FuCure  Uses  of  MAPM 


Aaong  che  possible  uses  for  IfAPM,  several  can  be  considered  In  che  near 
fucure:  aeasureaenc  of  SFg  cracer  releases  (see,  e.g. ,  Uche,  1986);  scudles 
of  eaisslons  froa  faccorles;  scudles  of  aerosol  spaclal,  Ceaporal,  and  spec¬ 
cral  propercles  In  che  free  Croposphere  (see,  e.g.,  Menzles  eC  al.,  1984); 
and  scudles  of  Che  aerosol  specCral  propercles  as  chey  affecC  DIAL  aeasure- 
aencs  (see  PeCheraa,  1981). 
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DIAL  NiasurtMnts  of  AtaosphoHc  Uator  V«por,  HC1.  and  CHi,  Using  a 
Continuously  Tunabit  1.7  \m  CotNgFj  Laser* 

Oonnis  K.  Klllingor  and  NoriMn  Hanyuk 
Lincoln  Laboratory,  Nassacbusetts  Institute  of  Technology 
Lexington,  Massachusetts  02173-0073 
(617)863-S500,  Ext.  4740 

There  Is  a  need  for  the  development  of  new,  tunable  high-power  lasers  In 
the  near-to-«1dd1e  IR  to  serve  as  sources  In  Ildar  systems  for  remote  sensing 
of  the  atmosphere.  He  report  on  the  development  and  use  of  a  new  solid- 
state,  cobalt-doped  magnesium  fluoride  laser  (Co:NgF2),  which  Is  continuously 
tunable  from  1.5  to  2.3  urn,  and  describe  the  use  of  this  laser  In  a  DIAL 
system  to  measure  water  vapor,  HCl,  and  CHi,  In  the  atmosphere.  Both  path- 
averaged  and  range-resolved  DIAL  measurements  have  been  made  at  ranges  up  to 
6  km  and  3  km,  respectively. 

Early  Investigations  of  the  Co:HgF2  laser  by  Moulton^  established  that 
the  laser  was  continuously  tunable  from  1.5  to  2.3  imi,  could  operate  either 
cw  or  pulsed,  and  could  radiate  at  a  single  frequency.  Lovold  et  al.^ 
modified  the  original  design  to  permit  simultaneous  Q-swItchIng  and  accurate 
wavelength  control  of  the  laser.  These  modifications  were  necessary  to  make 
the  Co:MgF2  laser  a  practical  radiation  source  for  remote  sensing 
measurements. 

The  schematic  of  the  Co:MgF2  DIAL  system  used  In  our  experiments  Is 
shown  In  Fig.  1.^  The  Co:MgF2  laser  was  cooled  to  and  was  longitu¬ 
dinally  pumped  by  a  1.32  urn  Nd:YAG  laser  which  emitted  400  mj,  800  ys 
duration,  linearly  polarized,  TEMgg  pulses  at  a  3  Hz  pulse  repetition 
frequency:  the  output  power  of  the  Co:NgF2  laser  was  approximately  10  mj 
per  pulse  with  a  Q-swItched  pulse-length  of  300  ns. 

Coarse  tuning  and  llnewldth  control  of  the  laser  was  obtained  using  a 
three-element  birefringent  tuning  filter  which  reduced  the  llnewldth  to 
approximately  1  cm*I  and  permitted  laser  tuning  over  the  spectral  range 
from  1.6  to  1.9  um,  the  maximum  range  obtainable  with  a  single  set  of  laser 
cavity  mirrors.  A  quartz  Intracavity  etal on,  0.25  mm  thick  and  coated  for 
20X  reflectivity,  reduced  the  llnewldth  to  0.15  cm-I  and  was  angle  tuned 
for  precision  scanning  of  the  laser  wavelength  over  a  limited  range  of  the 
order  of  5  cm**. 

As  seen  In  Fig.  1,  the  bulk  of  the  Co:MgF2  laser  output  Is  used  for 
remote  sensing,  but  portions  of  the  output  are  sampled  using  beamsplitters  to 
provide  diagnostics  of  the  laser  wavelength  and  power.  The  remote  ^onslng 
port'-n  of  the  output  beam  was  expanded  to  a  3  cm  diameter  and  directed  to 
the  target  with  a  50  cm  beam  steering  mirror.  The  return  Ildar  beam  was  sent 
through  a  30  cm  Cassegrain  telescope  and  detected  by  a  cooled  InSb  detector. 
The  output  signal  was  then  measured  by  an  A/D  converter  or  a  waveform 
digitizer  and  analyzed  by  the  computer.  The  computer  also  controls  and  scans 
the  wavelength  of  the  laser  by  use  of  a  Burleigh  "Inchworm"  which  changes  the 
slant  angle  o.'  the  thin  etalon  In  the  laser  cavity. 

•This  work  was  supported  by  the  National  Aeronautics  and  Space  Administra¬ 
tion  and  the  Air  Force  Engineering  and  Services  Center. 
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The  system  can  run  the  wavelength  control  of  the  laser  either  In  a 
continuous  scanning  mode,  or  In  a  differential -absorption  (DIAL)  mode.  In 
this  latter  case  only  two  wavelengths,  on  and  off  an  absorption  line,  are 
employed  and  the  position  of  the  etalon  Is  toggled  between  these  two  posi¬ 
tions.  In  the  continuous  scanning  mode,  the  output  of  the  Fabry-Perot  Is 
used  to  calibrate  the  relative  wavelength  of  the  laser  and  to  correctly  scale 
the  wavelength  scan  of  the  laser  and  Ildar  returns. 

The  system  has  been  operated  In  the  continuous  scanning  mode  to  obtain 
path-averaged  (column-content)  measurements  using  backscattered  returns  from 
topographic  targets.  Figure  2  shows  a  plot  of  the  normalized  Ildar  return 
obtained  from  foliage  on  hillsides  located  3  km  and  6.7  km  from  the  Labora¬ 
tory  as  a  function  of  the  laser  wavelength.  The  wavelength  scan  covers 
approximately  S  crn'l.  All  the  major  absorption  regions  can  be  Identified 
with  known  water  vapor  absorption  lines. 

The  Co:HgF2  DIAL  system  has  sufficient  transmitted  laser  energy  and 
optical  detection  sensitivity  to  measure  the  Ildar  backscatter  from  natural 
occurring  aerosols  In  the  atmosphere,  and  thereby  provides  the  capability  of 
detecting  the  range-resolved  concentration  of  various  species  In  the  atmo¬ 
sphere.  As  an  example.  Fig.  3  shows  the  Ildar  signal,  averaged  over 
50  pulses,  as  a  function  of  range  for  atmospheric  backscatter.  As  seen,  the 
Co:MgF2  DIAL  system  Is  capable  of  detecting  aerosol  backscatter  at  ranges  out 
to  3.8  km,  with  significant  signal  levels  at  ranges  of  0.2  to  3  km. 

We  have  also  Investigated  the  utility  of  the  Co:HgF2  DIAL  system  for  the 
detection  of  HCl  and  CH4  In  the  atmosphere.  By  scanning  across  the  prominent 
lines  of  HCl  and  CH4  near  1.7525  um  and  1.6713  vffl,  respectively,  the  sensi¬ 
tivity  of  the  DIAL  system  was  established;  within  these  sensitivity  limits 
there  was  little  Indication  of  detectable  HCl  (<  0.2  ppm)  or  of  CH4  (<  2  ppm) 
In  the  atmosphere.  Further  studies  using  an  artificial  plume  of  HCl  Injected 
Into  the  atmosphere  were  conducted  which  demonstrated  range  resolved  DIAL 
measurements  of  an  HCl  plume  with  a  sensitivity  of  a  few  ppm  and  range 
resolution  of  200  m. 
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iaalTsla  of  Infozmatlon  Content  of  Multlfrequenej  Laser 
Sounding  of  Aeroaol  and  Molecular  itmoaphere 

V«S«  Zuev,  S«I«  Kavkyanov,  G«M«  Krekov 
Institute  of  Atmoapherio  Optica,  Siberian  Branch,  U*S«S«B« 
Academy  of  Sciences,  Tomsk,  63403$,  U»S«S«R» 

The  use  of  a  single-frequency  lidar  for  investigating 
the  space-time  structure  of  atmospheric  aerosol  has  a  limi¬ 
ted  field  of  application  due  to  a  possible  aablguity  of  In- 
terpretlng  the  experimental  data  This  paper  considers 

the  potentlalltiea  of  spectral  measurements  for  obtaining 
more  complete  data  on  the  aerosol  profiles* 

Neglecting  by  the  effects  of  incoherent  scattering, 
the  dependence  of  the  Ildar  signal  intezuity  received  at 
the  frequency  of  emitted  signal  on  spatial  distribution  of 
two-coiiq>onent  aerosol  and  molecular  mixture  in  the  atmosphe¬ 
re  is  determined  by  the  known  equation 

ej<p  [-«  Vf'}  (1) 

where  is  the  signal  normalized  in  the  point 

and  are  the  aerosol  coefficients,  and  6*^  and  are 
the  molecular  coefficients  of  total  scattering  and  backscat- 
tering* 

The  number  of  unknown  functions  in  (1)  exceeds  that  of 
the  measured  ones  by  a  factor  of  three  (  taking  into  acco¬ 
unt  the  known  relation  ) 

for  any  number  of  sounding  wavelengths  At  single-frequ¬ 
ency  sounding  the  Introduction  of  the  profile  - 

*  f  the  use  of  any  a  priori 

information  on  its  characteristies  was  the  only  possible 
method  for  making  supplementary  definition  1-3 1  (  it  was 

impossible  to  separate  aerosol  and  molecular  components)  • 

In  the  case  of  multifrequency  sounding  one  can  limit  oneself 
to  some  functional  peculiarities  of  spectral  behavior  of  the 
functions  being  restituted  to  separate  them  on  the  basis  of 
(1)*  A  more  general  method  for  making  supplementary  defini¬ 
tion  is  the  substitution  of  the  spectral  behavior 
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by  th«  •;q>analon  over  a  certain  aet  of  known  I'unctions, 
with  the  eetlaate  of  the  parametera  of  expanalon  by  the  la- 
aer  aounding  data*  When  ualng  the  aerlea  on  powera  of  lncre> 
aenta  (In  logaritlmle  acale) 

( ^'A.,  (2) 

One  can  often  Halt  oneaelf  In  (2,3)  only  by  the  firat  lnc> 
reaenta  correct  to  the  two  parametric  functions 

(9  j>)  =  -  lift  ■*  ^  *  characte¬ 

rizing  the  1  .  iatlve  decreaae  of  ^4^  ,  with  the  X  incre- 
aae,  and  varying  within  the  Halts  to  be  estiaated  (  as  a 
rule,  2  f^]  )•  In  the  analogous  (2,3)  expansion 

for  the  paraaeter  and  the  terms  being  of 

aore  than  the  first  order  of  magnitude  ore  equal  to  zero* 
The  number  of  parametric  functions  In  the  e^qpanslon  (2,3) 
in  the  atm  with  a  aerlea  of  restituted  profiles  should  not 
exceed  the  number  of  operating  wavelengths  in  )i:q*(i)*  For 
slaultaneous  restitution  of  three  profiles  ^ 
even  In  the  case  of  the  use  of  only  linear  parts  of  e:q>an- 
slons  (2,3)  without  taking  Into  account  the  a  priori  Infor¬ 
mation  on  7«<  •  number  of  operating  frequencies  must 

not  be  less  than  five*  In  practice,  with  less  number  of  ope¬ 
rating  frequencies  one  should  use  any  eiapHfylng  assiunptl- 
ons  or  the  accompanying  measurements  (model  estimates)* 

Figures  1  and  2  present  the  results  of  the  numerical  ex¬ 
periment  on  single-frequency  (Flg*1)  and  double-frequency 
(Fig*2)  aounding  of  aerosol  profiles  (the  aerosol  model 
was  used)* 

A  comparison  of  Flgs*(l)  and  (2)  indicates  that  the  dou¬ 
ble-frequency  soimding  even  with  rough  simpHfying  assump¬ 
tions  allows  the  Hdar  measxirement  information  content  to 
be  increased  versus  single-fi>equency  information  content* 
Further  increase  of  the  number  of  sowding  wavelengths  al¬ 
lows  the  decrease  of  arbitrariness  in  selecting  the  spect¬ 
ral  dependences  7^  »  their  estimate  from  the  Hdar 

data* 


41 


MCl-3 


Flg«l*  a)  Altitude  behavior  of  the  Ildar  ratio  for 
^  s  0.33,  0.69.  1.06  jam*  b)  The  results  of  restltutlog 
the  model  profile  fji  ?  )  (curve  1)  when  using  the  simpli¬ 
fying  assumptions  on  the  altitude  behavior  ^ )  *  curve  2- 

3  (i)  ^  It (30)1  curve  4  -  « 

+  ^  s  0*69  jum).  The  profile 

(curve  3)  when  restituting  Pa(^)  assumed  to  be  given* 


^.5  f.O  0  iQ’y  fif'S 


Flg*2.  a)  Altitude  behavior  of  the  Index  7^?)  for  three  pa¬ 
irs  of  wavelengths!  1  -  0*33  ond  0*69  jumi  2  -  0*69  end  l*06pmi 
3  -  0*33  and  l*06j2m*  b)The  results  of  restituting  the  model 
profiles  and  (curves  1  and  3)  using  the  simplifying  as¬ 
sumptions  on  the  altitude  behavior  i  curves  2*2'- 

3,3*  4,4*  (A,  =  d«,  A,*i.0fi). 

At  restitution  the  attenuation  was  assumed  to  be  absent 

42 


MCl-4 


Leaving  for  aiapllcitj  of  computations  only  the  linear  parts 
of  increments  and  in  (2,3)  we  obtain  after  logarith¬ 
mic  operations  and  differentiation  (l)  over  for  the  re¬ 
lative  spectral  behavior  of  the  lidar  signal 

Let  us  substitute  in  the  set  (1)  all  the  equations,  except 
the  first,  by  the  equations  of  (4)  type*  Now  we  obtain  an  equ¬ 
ivalent  set  of  equations  which  is  completed  with  equations 
following  from  (2,3)  .  \  ^  /3V^ 

■  ^'(5) 

The  set  of  equations  (1),(4)  and  (3)  can  be  solved  using 
the  iteration  methods  that  makes  it  possible  to  iise  the 
a  priori  infoxmation  available  for  making  supplementary  de¬ 
finition  and  stabilisation  of  analytical  solutions  of  £q.(l), 
(4)  over  the  variable  z  fl-3j*  For  example,  when  assigning 
the  Initial  approximation  (?>>«)  ,  in  £q*(l),  one 

When  recalciilating ’’successively  the  profiles  e^,  6^  ,  ^  for 
from  Ol-  to  ,  taJKing  into  account  £q*(3)  and  ini¬ 
tial  approximation,  one  can  refine  the  values  using 

the  analytical  solutions  of  Eqs*(4)  i  . 

The  analytical  estimates  can  be  also  obtained  for^^*,  • 

Model  calculations  with  the  use  of  three  wavelengths  and 
given  processing  scheme  have  made  it  possible  to  estimate  si¬ 
multaneously  the  aerosol  altitude  behavior  _p«(?)and  molecular 
^^(■2)profiles  as  well  as  /^(f)used  when  restituting 
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Baaote  Octtzaiaatlon  of  Motoorologleal  and  Op-ttcal  Paranatars 

of  tha  Atnoaphara  Using  a  Raman  Lidar 

lUaPaArshlnovt  S«lf«Bobrovni}coVt  S«N«Volkov»  V»S*Zuav, 
V«K«ShMnakli 

Inatituta  of  Atmoaphaxle  Optica,  Sibarian  Branch,USSR  Academy 
of  Sciancaa,  Tomsk,  634O55,  n*S*S*R* 

As  knoan,  tha  boundary  atmospharic  layar  is  jiist  tha  ra- 
gion  between  the  Earth's  surface  and  tha  free  atmosphere 
where  most  dynamic  processes  take  place*  The  investigation 
of  these  processes  is  very  iaqportant  for  obtaining  the  in¬ 
formation  on  the  conditiozxa  of  temperature  inversions  forma¬ 
tion  as  well  as  on  the  diffusion  of  various  atmospheric  com¬ 
ponents  including  pollutions*  It  is  also  iaqportant  for  stu¬ 
dying  the  heat  transfer  from  the  ground  to  the  atmosphere* 

The  determination  of  characteristics  of  the  boundary  at¬ 
mospheric  layer,  normally,  requires  the  information  about 
the  profiles  of  meteorological  parameters  and  about  t^e  ver¬ 
tical  stratification  of  aerosol* 

In  this  connection  the  lidar  methods  for  obtaining  the 
above  atmospheric  characteristics  are,  of  course,  the  most 
promising,  taking  into  account  higher  spatial  and  teiig>oral 
resolutions  they  can  provide  in  comparison  with  ^he  conven¬ 
tional  radio-sonde  techniques* 

This  paper  presents  some  results  of  lidar  measurements  of 
the  atmospheric  temperature  profiles  and  the  profiles  of  so¬ 
me  optical  parameters  of  the  atmosphere  obtained  with  the 
Raman  lidar* 

The  conbined  Raman  lidar  used  in  the  study  allowed  the  de¬ 
termination  of  temperature  profiles  and  the  profiles  of  op¬ 
tical  parameters  to  be  made  simultaneously  using  pure  rota¬ 
tional  Raman  spectra  of  II2  ^2  lidar  return  due 

to  Mie  light  scattering* 

Basic  parameters  of  *^0  lidar  facility  as  well  as  key 
ideas  of  the  technique  for  measuring  temperature  profiles 
one  can  find  in  [1]  ,  while  seme  details  of  the  method  for 
remote  determination  of  optical  parameters  of  the  atmosphere 
are  described  in  [2j  and  [?]  • 


44 


MC2-2 


The  temperature  profile  la  retrieved  from  the  pTOflle  of 
the  Intensity  ratio  of  two  portions  from  the  pure  rotational 
Baman  spectrum  of  N2  and  O2  molecules*  The  attenuation  of 
summed  signal  from  both  portions  of  pure  rotational  Raman 
spectra  of  N2  and  O2  corrected  for  squared  range  dependence 
provides  for  Infoxmatlon  on  the  atmospheric  transmission  pro¬ 
file*  Thus  obtained  data  alloes  one  to  assess  simultaneously 
the  profiles  of  atmospheric  temperature*  extinction  coeffi¬ 
cient*  backscatterlng  coefficient  and  the  profile  of  the  so- 
-called  lidar  ratio*  which  is  the  parameter  relating  the  lat¬ 
ter  two  optical  parameters* 

Figures  la,  b  and  c  present  the  results  of  measurements 
carried  out  in  the  outskirts  of  Tomsk*  The  data  obtained 
with  the  Baman  Ildar  are  presented  by  solid  lines*  while 
the  dashed  curve  in  Flg*la  shows  the  temperature  profile  ob¬ 
tained  with  the  aircraft  facility*  In  Fig*  1b  the  dashed  cu3^• 
ve  presents  the  profile  of  aerosol  backscatterlng  coeffici¬ 
ent  obtained  using  a  single  frequency  Mie  scattering  Ildar 
[2]  •  Figure  ic  shows  the  lidar  ratio  profile  measured  with 
the  Raman  lidar  solely*  because*  unfortunately,  there  were 
no  other  instrumentation  providing  for  such  information  at 
the  time  the  experiments  were  carried  out* 

The  atmospheric  situation  occurring  during  this  experi¬ 
ment  can  be  characterized  by  the  presence  of  a  deep  tempera¬ 
ture  Inversion  layer  in  which  the  optically  thick  aerosol 
layer  is  trapped,  as  it  is  clearly  seen  from  the  altitude 
behavior  of  the  extinction  coefficient  (see  Fig*  lb  1* 

Good  agreement  between  the  Baman  lidar  data  and  those  da¬ 
ta  obtained  independently  convincingly  Illustrate  the  capa¬ 
bilities  of  the  combined  Baman  lidar  in  its  application  to 
study  the  boundary  atmospheric  layer* 
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Instrumental  and  Atmospheric  Considerations  in  the  Development  ano 
Application  of  an  Airborne/Spaceborne  Mater  Vapor  DIAL  System 
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Introduction 

The  Differential  Absorption  Lidar  (DIAL)  technique  can  be  used  to  measure 
concentration  profiles  of  many  atmospheric  gases*.  Atmospheric  water  vapor 
(H,0)  has  been  measured  with  the  DIAL  technique  from  ground-based*'*  and 
airborne  systems*.  In  the  DIAL  technique,  two  laser  wavelengths  are 
transmitted  near  simultaneously,  one  "on"  the  peak  of  the  H,0  absorption  line 
and  another  away  from,  or  "off  the  peak.  In  the  range  resolved  DIAL 
measurement.  H,0  concentration  between  two  ranges  Is  calculated  using  the  well 
known  DIAL  equation*,  which  Is  a  function  of  the  on  and  off  signals  at  the  two 
ranges  and  the  effective  HaO  differential  absorption  cross  section.  Random 
errors  due  to  noise  In  the  detected  signal  and  systematic  errors  due  to 
uncertainties  in  the  knowledge  of  the  effective  cross  section.  Ao,  contribute 
to  Inaccuracy  in  the  DIAL  measurements.  The  development  of  a  DIAL  system  must 
give  full  consideration  to  these  two  sources  of  error  and  any  known  systematic 
offsets  can  be  at  least  partially  compensated  for  In  the  DIAL  data  analysis 
phase.  A  brief  discussion  of  these  effects  Is  given  In  this  paper,  and  a  more 
detailed  description  of  these  effects  Is  given  In  Ismail  and  Browell*. 

The  strength  of  the  Ildar  signal  depends  upon  the  Ildar  range,  laser  pulse 
energy,  area  and  optical  efficiency  of  the  receiver,  and  detector  quantum 
efficiency.  The  signal  also  depends  upon  atmospheric  backscattering  at  the 
measurement  range  and  atmospheric  extinction  (Including  absorption  by  H,0)  to 
that  range.  Using  Poisson  statistics,  the  signal -to-nolse  ratio  Is  given  by 
i/S.  where  S  Is  the  total  number  of  photoelectrons  during  the  signal 
observation  Interval  At.  This  Implies  that  the  Ildar  parameters  should  be 
chosen,  where  possible,  to  maximize  S.  However,  consideration  must  also  be 
given  to  other  noise  sources  like  the  background  light,  detector  dark  current, 
signal  amplifier  and  digitizer  errors,  noise  spikes  In  the  detector  that  do 
not  follow  the  Poisson  statistical  model,  and  signal  Induced  noise  effects. 

We  have  carried  out  signal  measurement  error  simulations  for  the  Lidar 
Atmospheric  Sensing  Exper^.ient  (LASE)*  for  day/night  background  conditions 
using  several  H,0  lines  and  summer  midlatitude  atmospheric  profiles. 
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The  LASE  parameters  are  given  In  Table  1.  A  silicon  avalanche  photodiode 
detector  (APO)  was  selected  for  this  system  because  of  Its  high  quantum 
efficiency  and  reasonable  noise  characteristics  over  the  expected  signal  range 
of  the  LASE  measurements.  The  resulting  signal -to-nolse  characteristics  of 
the  APO  system  were  found  to  be  superior  to  those  of  the  best  available 
photomultiplier  tubes  (Kenimer,  private  connunlcatlon,  1985).  The  signal 
measurement  simulations  for  LASE  showed  that  using  two  H,0  lines,  the  H,0 
profiles  In  the  0-10  km  region  can  be  measured  with  an  accuracy  of  <5X  due  to 
the  combined  signal  random  errors.  The  horizontal  and  vertical  resolution  of 
these  measurements  would  be  10  km  and  200  m,  respectively,  during  nighttime 
and  20  km  and  300  m,  respectively,  during  daytime. 

Simulations  of  a  spaceborne  HaO  DIAL  system*  In  the  727-nm  region  showed  that, 
because  of  the  lower  Ildar  signals,  photomultiplier  tubes  will  be  superior  to 
photodiodes  which  have  limiting  high  dark  current  noise.  The  OIAL  measurement 
errors  In  the  lower  troposphere  (0-5  km  altitude)  would  be  ^5X  using  a 
horizontal  resolution  of  250  km  and  a  vertical  resolution  of  500  m  during 
nighttime.  Oaytime  measurements  would  require  Fabry-Perot  Interferometers  for 
solar  background  rejection. 


Absorption  Cross  Section  Influence 

Large  systematic  errors  In  OIAL  measurements  can  arise  due  to  uncertainties  In 
the  knowledge  of  the  differential  absorption  cross  section.  Because  of  the 
non-monochromatic  nature  of  the  laser  spectral  profile  and  the  atmospheric 
Influences  on  the  H,0  absorption  profile,  uncertainties  arise  In  the 
calculated  effective  absorption  cross  section.  This  leads  to  additional 
Inaccuracy  In  the  OIAL  H,0  measurement.  The  Instrumental  and  atmospheric 
effects  that  contribute  to  uncertainties  In  the  knowledge  of  the  absorption 
cross  section  are:  (a)  Influence  of  H,0  absorption  on  laser  spectral  profile, 
(b)  Ooppler  broadening  of  Rayleigh  backscattered  signal  and  other  atmospheric 
spectral  broadening  effect*,  (c)  Pressure  shift  of  absorption  lines, 

(d)  Temperature  sensitivity  of  absorption  lines,  (e)  Laser  spectral  purity, 
and  (f)  Laser  position  uncertainty  and  tuning  error.  Many  of  these  effects 
have  been  fully  discussed  In  the  literature  (Ref.  6  and  references  therein). 
These  effects  are  applicable  to  both  airborne  and  spaceborne  DIAL  systems  and 
are  not  laser  energy  dependent. 

The  HaO  absorption  In  the  atmosphere  distorts  the  laser  spectral  profile. 
Ideally,  monochromatic  laser  radiation  will  eliminate  this  Influence. 

However,  other  effects  In  the  atmosphere  may  reduce  the  sensitivity  of  this 
effect.  Clearly,  laser  spectral  profiles  with  widths  >  3  pm  could  severely 
limit  OIAL  measurements,  and  narrower  spectral  widths  ~1  pm  appear  to  be 
acceptable.  Any  small  systematic  effect  (<0.5X)  left  by  the  1  pm  llnewldths 
could  be  reduced  by  a  first  order  estimate  of  the  HjO  profile.  The  spectral 
distribution  of  laser  energy  Is  modified  In  the  backscattering  process  due  to 
motion  of  molecules  and  aerosols.  Because  of  their  mass,  aerosols  are 
relatively  less  effective  In  the  Doppler  broadening  than  air  molecules.  Under 
standard  atmospheric  conditions,  Doppler  broadening  (DB)  halfwidth  AA  ■  1.7  pm 
In  the  727-nm  region.  It  Is  estimated  that  under  normal  atmospheric 
conditions  '  ^Is  will  cause  a  systematic  underestimate  In  the  DIAL  measurement 
by  <1X  In  the  boundary  layer  to  about  12-15X  at  15  km  altitude.  However,  this 
systematic  effect  can  be  estimated  and,  therefore,  removed  to  a  first 
order.  Assuming  a  lOX  error  In  the  knowledge  of  the  atmospheric  temperature 
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profllt  and  a  SOX  error  In  the  knowledge  of  the  aerosol  scattering  ratio  (with 
a  nlnlmum  of  20X  error  In  the  knowledge  of  the  total  scattering  ratio),  the 
Doppler  broadening  effect  can  be  reduced  to  <2X  over  regions  free  of  large 
aerosol  gradients.  Pressure  shift  of  H,0  absorption  lines  causes  a  relative 
detuning  of  the  laser  line  from  the  H,0  line.  This  effect  can  cause 
significant  (>10X)  errors  at  high  altitudes  (>10  km).  Knowing  the  pressure 
shift  and  tuning  the  laser  line  to  coincide  with  line  at  the  appropriate 
pressure  level  can  eliminate  this  error.  It  can  be  easily  seen  that  tuning 
the  laser  to  coincide  with  the  H,0  line  at  lower  pressures  would  be  less 
sensitive  to  pressure  shift  effects  than  one  tuned  to  higher  pressure  HxO 
lines.  To  make  DIAL  measurements  Insensitive  to  variations  In  atmospheric 
temperature  changes,  H^D  lines  should  be  selected  that  are  relatively 
Insensitive  to  this  effect.  For  H,0  number  density  measurements,  ground-state 
energy  values  In  the  range  1DD-3DD  cm'*  should  be  used  for  <1X  error  when 
assumed  temperature  differs  by  <1D*K  from  actual.  For  mixing  ratio 
measurements,  ground-state  energy  levels  In  the  range  3DD-4SD  cm~'  should  be 
used.  Laser  spectral  purity  control  Is  necessary  to  avoid  an  unabsorbed 
component  of  energy  In  the  on-line  laser  output  that  will  lead  to  an 
underestimation  of  DIAL  H,D  concentrations.  In  general,  a  laser  spectral 
purity  of  >99%  Is  needed  for  a  DIAL  system.  A  spectral  purity  of  >99.95%, 
which  Is  more  desirable,  can  be  achieved  by  recently  developed  Alexandrite 
laser  systems.  Tuning  of  the  lasers  to  near  the  peak  of  the  H^D  absorption 
lines  Is  necessary  to  avoid  large  measurement  errors  due  to  any  uncertainty  In 
the  knowledge  of  the  position  of  the  laser. 


Total  LASE  System  Accuracy 

It  Is  useful  to  study  the  sensitivity  of  the  DIAL  measurement  error  to  one 
parameter  at  a  time  as  has  been  demonstrated  In  several  studies;  however,  the 
presence  of  one  parameter  can  Influence  the  sensitivity  of  another.  It  Is, 
therefore.  Important  to  study  the  coupled  Influence  of  several  Important 
parameters.  A  good  example  Is  the  Doppler  broadening  effect,  which  reduces 
the  sensitivity  of  DIAL  H,0  measurement  errors  due  to  the  finite  laser 
llnewldth,  laser  position  uncertainty,  and  laser  spectral  resolution  measured 
by  a  wavemeter.  This  effect  also  reduces  errors  due  to  an  uncorrected 
pressure  shift  of  the  H,D  absorption  line  with  altitude. 

The  combined  estimated  accuracy  of  the  DIAL  H,0  measurement  by  the  LASE  system 
Is  Illustrated  In  Figure  1.  The  total  error  Is  a  combination  of  errors  due  to 
both  signal  and  system  uncertainties.  It  Is  assumed  that  the  Doppler 
broadening  effect  can  be  removed  to  first  order.  This  can  be  done  during  data 
analysis  using  off-line  signal  to  obtain  aerosol  scattering  Information  and  by 
using  a  climatological  temperature  profile.  Laser  line  distortion  effects  can 
be  corrected  by  using  an  apprcximate  H,0  profile  (2D%)  derived  from  an 
uncorrected  H,0  DIAL  measurement.  Additional  1nq}rovefflent  In  the  DIAL 
measurement  accuracy  can  be  achieved  by  Increasing  the  laser  spectral  purity 
to  >99.95%.  Figure  1  Illustrates  that  using  a  single  H,0  line,  a  HaO  DIAL 
measurement  with  <1D%  error  over  an  altitude  range  D-6  km  can  be  made  with  a 
horizontal  resolution  of  ID  km  and  a  vertical  resolution  of  2DD  m  during 
nighttime  and  2D  km  by  30D  m,  respectively,  during  daytime.  Spaceborne  Ildar 
could  yield  global  H,0  profiles  with  similar  accuracies  with  a  horizontal 
resolution  of  25D  km  and  a  vertical  resolution  of  5DD  m. 


49 


HC3-4 


R»ference» 

1.  Schotland,  R.  M..  J.  /tool,  Mateorol..  13,  71.  1974. 

2.  Schotland,  R.  M.,  In  Proceedings,  Fourth  Svwoosiuwi  on  Remote  Sensing  of 

Environment.  U.  Michigan,  Ann  Arbor,  April  1^-14,  1966,  pp.  273-283. 

3.  BrMon;  E.  V.,  et  al.,  Aool.  Oot..  !§,  3474,  1979. 

4.  Cahen,  C.,  et  al.,  J.  Aool.  Meteor..  21.  1506-1515,  1982. 

5.  Browell,  E.  V.,  et  al..  Conference  Digest,  12th  Int.  Laser  Radar  Conf.. 

Aug.  13-17,  1984,  Aix-en-Provence,  France,  pp.  151-155. 

6.  Ismail,  S.,  and  E.  V.  Browelt,  Submitted  to  AddI.  Optics.  July  1987. 

7.  Browell,  E.  V.,  et  al.,  13th  Int.  Laser  Radar  Con 7.  Abstracts.  Toronto, 

Canada,. Aug.  11-15,  1986,  pp.  6-9. 

8.  Browell,  E.  V.,  et  al..  AIAA/NASA  EOS  Conference.  Oct.  8-10,  1985, 

Virginia  Beach,  VA,  Paper  No.  85-2091. 


Table  1.  LASE  HaO  DIAL  Parameters 
RECEIVER 


Area  (Effective) 

Field  of  View 
Filter  Bandwidth  (FWHM) 

Optical  Efficiency  (Total) 

Detector  Efficiency 

Noise  Eq.  Power  (APO  A  Amplifier) 


0.11  n* 

1.23  mrad 

0.3  nm  (Day)  1.0  nm  (Night) 
23t  (Day)  SDt  (Night) 

BOX  APD  (SI) 

2.1  X  10-** 


TRANSMITTER 


Energy 
Lincwldth 
Rep.  Rate 
Wavelength 
Beam  Divergence 
Pulse  Width 
Aircraft  Altitude 
Aircraft  Velocity 


ISO  mJ  (On  a  Off) 
1.1  pm 
S  Hz 

726.5  -  732.0  nm 
0.73  mrad 
300  ns 
16-21  km 
200  ir./s 
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The  NASA  Langley  airborne  DIAL  system  has  been  modified  to  give  significantly 
Increased  measurecsent  capability  for  conducting  atmospheric  science  Investiga¬ 
tions.  The  major  modification  to  the  DIAL  system  was  Incorporating  the 
capability  to  make  ozone  and  aerosol  measurements  above  and  below  the  aircraft 
simultaneously.  This  was  accomplished  by  a  total  redesign  of  the  transmitting 
and  receiving  sections  of  the  DIAL  system  to  accoomodate  eight  Ildar  returns 
simuUaneously.  Additional  modifications  were  also  made  to  remotely  control 
transmitted  laser  beam  properties  and  direction;  to  Incorporate  a  new 
filtering  system  for  high  UV  throughput  and  complete  cutoff;  and  to  Increase 
real-time  data  availability  for  real-time  mission  decisions. 

Two  recent  experimental  programs  have  been  conducted  using  the  modified  DIAL 
system.  They  Include  the  Amazon  Boundary  Layer  Experiment  conducted  from 
Manuas,  Brazil,  In  April -May  1987  and  the  Antarctic  Dzone  Hole  Experiment 
conducted  from  Punta  Arenas,  Chile,  In  August-September  1987.  Unique  DIAL 
system  characteristics  developed  for  each  of  the  missions  will  be  discussed. 


Modifications  for  the  Atmospheric  Boundary  Laver  Experiment  (ABLE-2B\ 

The  NASA  DIAL  system  has  been  extensively  used  since  1984  In  numerous  Global 
Tropospheric  Experiments  sponsored  by  NASA  Headquarters.  The  instrument  has 
been  used  not  only  to  measure  tropospheric  ozone  and  aerosols,  but  also  to 
direct  the  aircraft  In  real  time  for  optimizing  the  In  situ  measurement 
strategy.  Prior  to  1987,  the  Ildar  system  could  make  ozone  measurements 
primarily  In  either  the  nadir  or  zenith,  but  not  both  simultaneously.  Because 
of  the  need  for  data  throughout  the  troposphere,  the  DIAL  system  was  modified 
to  provide  simultaneous  measurement  capability  for  both  ozone  and  aerosols  In 
both  nadir  and  zenith  directions  for  the  ABLE-2B  mission  over  the  Amazon.  A 
total  redesign  of  the  transmitting  and  receiving  optical  systems  was 
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rtquirtd.  A  stcond  optical  platfona  for  laser  btan  transmission  was  required, 
and  new  optics  were  added  to  provide  beam  attenuation  and  divergence  changes 
(see  Figs.  1  and  2).  A  remotely  controlled  optical  system  was  designed  and 
built  for  beam  alignment  with  th*  receiver  and  for  optimizing  the  transmitted 
User  energies.  Two  new  receiver  optical  systems  were  designed  and  built, 
including  two  custom-built  celestron  telescopes.  Each  receiver  has  optics  and 
detectors  capable  of  receiving  the  four  transmitted  wavelengths.  285  nm, 

300  nm.  599  nm.  and  1.06  tn.  at  a  maximum  rate  of  10  Hz.  The  capability  to 
produce  color  plots  of  both  ozone  and  aerosol  data  simultaneously  In  real  time 
was  also  Incorporated  into  the  system. 


Modifications  for  the  Antarctic  Ozone  Hole  Experiment 

The  NASA  DIAL  system  was  selected  as  the  prime  Instnment  on  the  NASA  Ames 
OC-8  aircraft  for  remote  measurements  of  ozone  profiles  In  the  :tratosphere 
over  the  South  Pole  during  August  and  September  1987.  Ozone  measurements  were 
required  over  the  vertical  region  from  12  to  20  km.  and.  therefore,  only 
zenith  operation  Is  needed  from  the  DC-8,  which  will  fly  at  12  km  altitude. 

Due  to  the  higher  ozone  concentrations  In  the  stratosphere  compared  to  the 
troposphere,  the  on-line  and  off-line  UV  wavelengths  were  Increased  to  302  and 
312  nm  to  give  Improved  accuracy  over  the  12-  to  20-km  altitude  range.  New  UV 
doublers  were  necessary,  as  well  as  new  filters,  for  the  UV  and  visible 
receiver  channels.  A  redesign  of  the  transmission  optical  platform  was 
necessary  because  the  receiving  package  (and.  therefore,  the  transmitting 
path)  had  to  be  moved  to  the  front  of  the  laser  support  structure.  The  final 
design  Incorporated  both  visible  channels  and  both  1.06  yn  channels  as  well  as 
the  on-  and  aff-llne  UV.  The  rationale  for  this  approach  was  to  improve 
signal -to-nolse  ratio  In  the  visible  and  Infrared  channels  as  well  as  provide 
redundancy  for  the  aerosol  measurements.  Since  only  one  receiver  system  was 
used  for  this  mission,  the  telesc^e  Is  lowered  until  the  transmitted  beams 
coming  off  the  optical  platform  are  turned  coaxial  with  the  telescope  axis  by 
the  optics  on  the  end  of  the  telescope.  This  reduces  transmitting  optics  and 
Improves  reliability  and  ease  of  alignment.  The  receiver  system  was  modified 
to  use  two  UV  photomultiplier  tubes  for  optimum  detection  and  digitization  of 
the  UV  DIAL  returns  over  different  altitude  Intervals. 

Details  of  the  airborne  DIAL  system  characteristics  for  the  Amazon  boundary 
Layer  Experiment  and  the  Antarctic  Ozone  Hole  Experiment  are  discussed  In  this 
paper. 
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The  atmospheric  pressure  and  temperature  fields  are  two  of  the  basic  variables 
of  fundamental  Importance  In  meteorology,  climate  studies,  and  for  all  scales 
of  weather  forecasting.  The  pressure  field  Is  used  to  describe  the  state  of 
the  atmosphere,  frontal  characteristics  and  to  determine  mass  movement.  The 
temperature  field  Is  needed  for  determining  tropopause  height,  the  depth  and 
structure  of  the  planetary  boundary  layer,  and  frontal  and  air  mass  character- 
Istics.  This  paper  presents  an  analysis  of  the  sensitivity  and  Instrumental 
parameters  needed  for  Ildar  differential  absorption  (DIAL)  measurements  of 
pressure  and  temperature  from  the  Earth  Observing  System  (EOS)  satellite.  The 
proposed  Lidar  Atmospheric  Sounder  and  Altimeter  (LASA)  facility  on  the  EOS 
platform  will  allow  global  measurements  of  pressure  and  temperature  profiles 
from  a  700  km  polar  orbit. 

The  pressure^  and  temperature^  experiments  are  two-wavelength  DIAL  techniques 
utilizing  the  backscattered  ene''9y  from  the  clear  atmosphere  In  the  case  of 
profile  measurements  or  from  the  Earth's  surface  In  the  case  of  surface 
pressure.  An  Integrated  path  absorption  method  Is  used  for  pressure.  A 
measurement  highly  sensitive  to  pressure  Is  obtained  by  locating  one  wave¬ 
length  In  a  trough  region,  the  region  of  minimum  absorption  between  two 
strongly  absorbing  lines  In  the  oxygen  A-band  near  760  nm  (13150  cm~*).  The 
absorption  In  the  trough  Is  proportional  to  the  square  of  the  pressure.  The 
reference  wavelength  Is  located  In  a  nearby  weakly  absorbing  region.  The 
temperature  measurement  Is  made  In  a  differential  ranging  mode.  A  measurement 
highly  sensitive  to  temperature  is  obtained  by  locating  one  wavelength  on  a 
high  J  line  In  the  oxygen  A-band  near  770  nm  (13,000  cm"^)  where  the  variation 
of  absorption  coefficient  with  temperature  Is  as  high  as  the  sixth  power  of 
temperature.  A  second  wavelength  located  In  a  weakly  absorbing  region  with  a 
shift  of  0.02  to  0.5  nm  Is  used  as  a  reference. 

A  two-wavelength  solid-state  alexandrite  laser  tunable  In  the  760  nm  region  Is 
used  for  the  pressure  and  temperature  experiments.  It  has  a  spectral  resol¬ 
ution  of  0.005  cm  or  better,  a  pulse  length  of  less  than  100  ns,  and  an 
energy  of  0.5  J/pulse.  The  two  wavelengths  are  separated  In  time  by  a  nominal 
300  us  which  allows  temporal  separation  and  single-channel  detection  of  both 
the  on-line  and  reference  wavelengths.  An  energy  monitor  measures  the 
transmitted  laser  energy  at  each  wavelength  and  a  wavemeter  Is  used  to 
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precisely  measure  and  control  the  laser  frequency,  each  to  an  accuracy  of 
0.001  cm~*. 

The  atmospheric  model  used  for  the  simulations  Is  a  one -dimensional  model  with 
up  to  50  homogeneous  vertical  layers.  The  temperature  and  pressure  data  are 
taken  from  the  mid-latitude  January  U.S.  Standard  Atmosphere  Model  and  the 
aerosol  composition  data  are  taken  from  the  Elterman  model.  The  simulations 
were  performed  using  a  high  spectral  resolution  atmospheric  transmission 
code.  The  transmission  at  a  given  frequency  Is  calculated  using  the  Voigt 
line  profile  and  Integrated  vertically  over  the  layers  from  space  to  altitude 
z.  The  simulations  Include  detailed  calculations  of  laser  finite  bandwidth 
and  Rayleigh  broadening  In  the  scattering  process.^  The  effects  of  background 
radiation  including  surface  reflectance,  aerosol  scattering,  and  Rayleigh 
scattering  have  been  considered. 

The  simulations  used  the  following  parameters  for  measurements  from  a  700  km 
EOS  platform:  a  0.5  J  alexandrite  laser  transmitter,  a  repetition  rate  of  10 
Hz,  a  narrowband  transmitter  with  a  bandwidth  of  0.005  cm’^  or  less,  a  tele¬ 
scope  diameter  of  1.25  m,  a  receiver  FOV  of  0.15  mrad  for  daytime  and  0.5  mrad 
for  nighttime  experiments,  and  a  PMT  quantum  efficiency  of  0.2.  An  optical 
efficiency  of  0.59  was  used  for  nighttime  simulations,  which  Includes  a  wide¬ 
band  1  nm  spectral  detection  filter,  and  an  optical  efficiency  of  0.38  was 
used  for  daytime  simulations,  which  Includes  a  narrowband  0.12  cm~^  filter. 

Figure  1  shows  the  results  of  simulations  of  pressure  profiling  for  a  nadir- 
viewing  daytime  experiment.  As  shown,  for  1  km  vertical  and  250  km  horizontal 
resolution,  good  accuracy  (<0.4  percent)  can  be  obtained  over  a  large  portion 
of  the  troposphere  using  the  pressure-sensitive  absorption  troughs  located  at 
either  13150.86  or  13153.79  cm"*.  We  note  that  the  use  of  a  0.15  mrad  FOV  ano 
a  0.12  cm*^  spectral  detection  filter  minimizes  the  effects  of  background 
radiation  and  allows  high  accuracy  daytime  measurements. 

Figure  2  shows  the  results  of  simulations  of  temperature  profiling  for  a 
nadir-viewing  daytime  experiment.  As  shown  for  the  line  at  12999.95  cm"*,  2.5 
km  vertical  resolution  allows  high  accuracy  measurements  with  less  than  1  K 
error  for  altitudes  up  to  10  km.  In  addition,  the  use  of  the  stronger 
absorption  line  at  13010.81  cm"*  with  3  km  resolution  allows  high  accuracy 
measurements  to  be  extended  to  15  km  altitude.  The  effects  of  background  are 
small  for  the  12999.95  cm"^  measurement  but  become  significant  for  the 
13010.81  cm"^  measurement. 

Additional  results  will  be  discussed  for  the  case  of  cross-track  scanning, 
nighttime  measurements,  varying  daytime  albedo,  and  high  vertical  resolution 
(1.25  km)  tropospheric  temperature  measurements. 
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RGURE1  PRESSURE  PROHUNG  ACCURACY  FOR  SIMULATED  EOS 
EXPERIMENT  AT  700  Km  -  DAY 


RGURE  2  TEMPERATURE  ACCURACY  FOR  SIMULATED  EOS  EXPERIMENT 
AT  700  Km  -  DAY 
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AN  ADAPTIVE  KALMAN-BUCY  HLTER  FOR  DIFFERENTIAL 
ABSORPTION  UDAR  TIME  SERIES  DATA 
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SRI  Intemstlonsl 
Menlo  Perk,  CA  9402S 


An  earlier  vork^  described  a  gene rslizst ion  of  tvo-wavelength  dif¬ 
ferential  absorption  lidar  to  the  case  of  oultipla  wavelength  channel 
returns  for  estisMting  the  path- integrated  concentration  (CL)  for 
multiple  materials.  A  maximum  likelihood  (ML)  estimator  was  constructed 
for  the  N-dimensional  vector  CL  -  [CL]^, . . . ,CL^]~  of  path- integrated 
concentration  values  in  terms  of  lidar  returns  p^Ck)  collected  simul¬ 
taneously  at  i  -  l,...l,  Mk  N+l  wavelengths  at  time  step  k.  Those 
returns  were  used  to  define  an  observation  vector  £(k) ,  Eq.  (1).  which 
could  be  expressed  approximately  as  Eq.  (2)  in  terms  of  the  M-1  x  N- 
dimensional  matrix  of  absorptivity  differences  ~  pf  *  pjf^-i  of 
material  i  at  wavelength  1.  The  measurement  noise  n^(k)  was  taken  to_be 
additive,  uncorrelated.  and  zero-mean  with  covariance  A  (k,k')  -  <n  "  ■ 

The  ML  estimator  for  ^  was  shown  to  be  given  by  Eq.  (3^  in  terms  oflhe^ 

ML  estimate  for  the  CL  covariance  A^,  Eq.  (4). 

Because  the  ML  estimate  of  ^  makes  no  use  of  the  time  series 
nature  of  practical  data  collection,  a  generalization  was  made  to  an  on¬ 
line  recursive  filter  based  on  the  Kalman-Bucy^’^  algorithm.  Use  of 
recursive  filtering  can  greatly  improve  estimation  performance  with 
little  or  no  additional  processing  delay.  The  classical  Kalman-Bucy 
filter  is  based  on  a  priori  system  and  measurement  models.  Eq.  (2) 
provides  the  measurement  model  in  this  case.  In  the  absence  of  a 
detailed  fluid  mechanics  model  for  the  evolution  of  the  clouds  of 
Interest,  a  first  order  Taylor  series.  Eq.  (5),  was  adopted  as  the 
system  model  in  which  the  random  CL  time  derivative,  ^(k)  at  time  k 
plays  the  cole  of  a  "process  noise"  with  statistics  given  by  Eqs.  (6>- 
(7). 


The  Kalman-Bucy  algoritht.  for  ^  estimation  is  summarized  by  Eqs. 
(8)-(12)  in  which  Eqs.  (8)-(9)  provide  the  extrapolation  of  the  estimate 
and  its  covariance  to  the  next  time  step.  Eq.  (10)  represents  the 
Kalman  gain,  and  Eqs.  (11) -(12)  provide  the  update  to  the  extrapolated 
value  of  ^  and  its  covariance  at  time  k.  Eq.  (11)  shows  that  the 
recursive  estimate  of  ^  is  a  linear  superposition  of  the  ML  estimate  at 
time  k  and  the  extrapolated  estimate  CL.(k)  -  CL^(k-l)  based  on  the  last 
time  step.  For  the  Kalman  gain,  small,  the  new  estimate  is 

dominateo  by  the  past  value,  whereas  for  «  I,  the  estimator  discards 
Che  old  data  in  favor  of  the  new  ML  estimate.  Because  G|^  increases  with 
increasing  the  state  model  decermii.es  Che  relative  importance  placed 
on  the  new  data  at  each  time  step. 
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For  application  to  environnents  with  rapidly  changing  concentration 
typical  of  toxic  chealcal  detection,  no  fixed  choice  of  state  aodel 
covariance  la  suitable.  The  need  to  accurately  estlaate  large 
concentrations  while  preserving  high  sensitivity  for  low  concentrations 
has  Botlvated  the  adaptive  estlaatlon  of  Qu  using  a  aovlng  average 
estlaate  of  the  CL  time  derivative,  Eq.  (13),  with  the  wel^tlng 
coefficients^  chosen  to  provide  the  first  derivative  of  a  local  least 
squares  fit  to  a  low  order  polynoalal  through  the  current  and  previous 
ML  estlsMtea  of  The  systea  aodel  covariance  Is  estlaated  by  Eq. 

(14). 


Figure  l*a  shows  the  aaxlaua  likelihood  estlaates  of  CL  froa  low 
concentration  data  taken  with  a  four-wavelength  Ildar  for  which  the 
cloud  of  Interest  was  generated  by  evaporation  of  a  volatile  liquid 
beneath  the  Ildar  llne-of-slght.  The  adaptive  (with  a  1^  point  first 
order  derivative  estlaate)  and  non-adaptlve  [Q  -  2  (ag/a'')^]  Kalman-Bucy 
filters  produce  the  CL  estlaates  shown  in  Figures  l-b,c.  The  non- 
adaptlve  filter  provides  soaewhat  less  than  optlaal  filtering, 
particularly  for  longer  tlaes  for  which  the  cloud  has  disappeared. 
Figures  l-d,e,f  provide  a  coaparison  of  the  saae  filters  using  high 
concentration  data  produced  at  3  alnutes  after  the  start  of  data 
collection.  The  non-adaptlve  filter  produces  a  delay  In  responding  to 
the  vapor  Injection  by  overfllterlng  the  ML  estlaates.  In  both  cases 
the  adaptive  filter  was  able  to  aalntaln  excellent  noise  reduction  ana 
response  time  In  the  presence  of  widely  differing  concentrations. 
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1.  Introduction 

A  highly  significant  application  for  Ildar  sounding  of  tha 
atmosphera  is  tha  ratriaval  of  tha  haight  of  tha  planatary 
boundary  layer  (PBL).  Tha  PBL  haight  is  an  important  factor  in  tha 
transport  of  energy  fro*  tha  surface  to  tha  free  troposphere  and 
is  directly  related  to  tha  initiation  and  davalopaent  of 
mesoscale  events.  Thus  PBL  height  is  a  very  useful  input  and 
validation  parameter  for  Global  Circulation  Models.  Currently 
there  is  no  effective  passive  retrieval  technique  for  PBL  height. 
However  the  detection  of  PBL  height  from  lidar  aerosol  scattering 
has  been  widely  demonstrated.  A  primary  consideration  for  lidar 
PBL  height  retrieval  is  the  minimal  detectability  in  terms  of 
either  atmospheric  scattering  structure  or  lidar  system  signal  to 
noise  sensitivity.  Global  measurements  of  PBL  haight  from  space 
borne  lidar  systems  are  er.s^lsioned.  A  primary  consideration  is  how 
reliably  PBL  height  may  be  detected  for  given  lidar  system 
parameters.  The  cost  of  a  space  borne  system  may  be  significantly 
reduced  by  minimizing  telescope  size  and  transmitted  laser  power. 

The  detection  of  PBL  height  has  been  studied  through  aircraft 
lidar  experiments.  A  compact  NdzYAG  Cloud  and  Aerosol  Lidar 
System  (CALS)  has  b'fen  operated  from  a  NASA  ER-2  (U*2)  aircraft 
(Splnhirne  et  al . ,  1983).  A  routine  to  optimally  determine  PBL 
height  from  the  relatively  low  sensitivity  signals  from  the  ER*2 
lidar  has  been  developed  and  tested.  The  methodology  has  been 
applied  to  model  PBL  height  detection  for  space  borne  lidar 
systems.  In  addition  the  optimized  scheme  has  been  used  to 
enhance  results  from  airborne  boundary  layer  experiments. 

2.  Experimental 

Over  the  past  few  years  the  CALS  has  participated  in  a  number 
of  coordinated  aircraft  experiments  .  In  the  Fall  of  1983  an 
experiment  was  organized  to  study  the  frequent  and  persistent 
occurrence  of  marine  stratus  clouds  over  the  eastern  Pacific. 
Analysis  of  lidar  data  obtained  during  that  experiment  has 
demonstrated  that  cloud  top  height  of  even  very  low  (less  than 
1000  meters)  stratus  clouds  can  accurately  and  reliably  be 
determined  (Boers  et  al.,1987).  Though  the  lidar  system  is 
normally  operated  over  cloudy  regions,  there  were  some  flight 
segments  that  had  been  conducted  over  clear  areas.  In  these 
regions  it  is  possible  to  use  the  lidar  data  to  detect  the  top  of 
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th«  PBL.  W*  will  present  Ildar  data  froa  one  such  clear  air  case 
and  describe  an  objective,  coaputerlxed  technique  which  was 
developed  to  obtain  reliable  PBL  height  aeasureaents  froa  the 
relatively  noisy  Ildar  data. 

3.  Retrieval  Technique 

The  optical  depth  of  a  typical  PBL  Is  auch  less  than  that  of 
low  lying  stratus  clouds  and  It  Is  thus  auch  aore  difficult  to 
detect  the  top  of  the  PBL  using  Ildar  data.  Because  the  CALS  is  a 
coapact  systea  eaploylng  only  a  aodest  size  telescope  (15  ca)  and 
relatively  low  laser  energy  (30  aJ/pulse),  the  signal  to  noise 
ratio  at  ranges  of  16*20  ka  Is  so  saall  that  detection  of  the  PBL 
top  froa  a  single  Ildar  shot  Is  alaost  lapossible.  However  by ^ 
averaging  shots  together  and  applying  a  vertical  saoother ,  It  Is 
possible  to  reduce  the  noise  sufficiently  so  that  reliable  PBL 
height  detection  Is  feasible.  The  coaputer  algorltha  that  was 
developed  works  with  groups  of  SO  Ildar  shots  (3.0  ka  of  data). 
For  each  shot  the  ground  return  Is  detected  and  a  vertical 
smoother  Is  applied  to  the  data.  An  average  backscatter  profile 
is  then  generated  from  the  SO  Ildar  shots.  From  this  profile  the 
average  PBL  height  Is  computed  by  looking  for  the  distinctive 
drop  in  aerosol  scattering  associated  with  the  top  of  the  PBL. 
This  Is  accomplished  by  computing  a  running  average  6  data  points 
wide  (45  meters)  In  the  vertical  and  then  searching  for  the  point 
where  the  smoothed  signal  drops  to  25  percent  of  Its  maximum 
value.  Next,  each  Individual  shot  from  the  group  of  50  shots  Is 
Inspected  using  the  average  PBL  he  ght  as  the  baseline.  Each 
individual  shot  Is  examined  In  only  a  'window*  region  300  meters 

3  SHOT  HOnZONTAL  AVERAGE 


Fig.  1.  A  typical  Ildar  profile  (left)  and  60  meter 
running  mean  through  the  PBL  (right). 

wide  and  centered  on  the  average  PBL  height.  The  PBL  height  for 
the  Individual  shot  Is  then  determined  in  a  way. similar  to  the 
procedure  used  for  finding  the  average  PBL  height.  Figure  1 
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shows  typical  Ildar  data  acquired  on  10/3/83  from  the  CALS 
system.  Along  the  left  vertical  axis  Is  plotted  a  3  shot  average 
of  Ildar  return  data  and  at  center  right  Is  the  running  vertical 
average  used  to  locate  the  PBL  top.  The  Increase  In  backscattered 
signal  associated  with  the  PBL  top  can  be  seen  In  both  the 
unsmoothed  (left)  and  smoothed  (right)  signals  occurring  at  about 
250  meters.  In  the  smoothed  signal,  however,  the  noise 
fluctuations  are  much  smaller  and  false  determination  of  PBL  top 
is  less  likely  to  occur. 

3.  Results 

The  algorithm  to  detect  PBL  height  was  applied  to  data  taken 
by  the  CALS  on  10/3/83.  Figure  2  shows  a  52  km  data  segment 
taken  over  the  western  San  Joaquin  valley.  The  solid  line  at  the 
bottom  of  the  figure  represents  the  ground  and  the  dots  are  the 
retrieved  PBL  height.  A  portion  of  the  Diablo  mountain  range  can 
be  seen  between  0  -  15  km  on  the  figure.  The  PBL  height  over  the 
valley  appears  fairly  constant  at  about  900  meters  but  does 
contain  a  noticeable  fluctuation  at  a  scale  of  2  *  4  km.  This  is 
consistent  with  convective  scales  of  motion  which  tend  to  be 
between  2  -  4  times  the  average  PBL  height  (Melfl  et  al.,1984). 


OittamCf  tam 

Fig.  2.  PBL  height  as  determined  from  CALS  data. 

Our  results  from  the  analysis  of  ER-2  Ildar  data  Indicate  that 
it  may  be  possible  to  detect  the  PBL  top  from  space  using  a 
relatively  small  Ildar  system.  To  test  this  hypothesis,  simulated 
lidar  signals  were  generated  for  4  different  Ildar  system 
configurations.  The  same  PBL  height  detection  algorithm  was  used 
and  the  standard  deviation  of  the  retrieved  height  as  a  function 
of  horizontal  resolution  was  computed.  The  results  are  presented 
in  figure  3  and  Indicate  that  reasonable  PBL  retrieval  accuracy 
can  be  obtained  for  the  two  low  power  laser  cases  (curves  C  and 
D)  if  enough  shots  are  averaged  together.  This,  however,  reduces 
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th«  horizontal  rasolution  that  can  ba  obtained.  Curves  A  and  B 
show  that  If  the  laser  power  is  increased  by  an  order  of  magnitude , 
extremely  good  results  can  be  obtained  with  less  averaging. 

RMS  DEVIATION  OF  PBL  HEIGHT  FOR 
SATELLITE  SIMULATED  DATA 


Fig.  3.  Standard  deviation  of  PBL  height  retrievals  as 
a  function  of  horizontal  resolution. 


4.  Conclusion 

It  is  possible  to  detect  the  PBL  height  from  a  high  altitude, 
low  sensitivity  lidar  system  such  as  the  Cloud  and  Aerosol  Lidar 
System  that  has  been  flown  aboard  the  NASA  ER-2  aircraft.  Noise 
inherent  in  such  signals  can  be  reduced  by  horizontal  averaging 
of  successive  lidar  shots  and  by  applying  vertical  filters  to  the 
data.  Simulations  of  lidar  data  indicate  that  PBL  height 
retrievals  can  be  made  from  a  space  borne  lidar  system  at  an 
altitude  of  700  km.  However  to  achieve  useful  horizontal 
resolution  and  to  provide  sufficient  vertical  accuracy  would 
require  a  lidar  system  with  at  least  a  i  Joule  laser  operating  at 
10  Hz  and  a  0.5  *  1.0  meter  telescope  under  daytime  background 
conditions . 
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Introduction 


Infrared  Doppler  lidar  systems  have  proven  very  efficient  for 
remote  measurements  of  atmospheric  wind  and  turbulence.  During 
the  last  five  years  the  cw  CO^  laser  Doppler  anemometer  (LDA) 
from  DFVLR  has  been  successfully  used  for  different  routine 
applications,  for  example,  the  measurement  of  vertical  wind 
profiles  up  to  750  m  altitude  or  wind  profiles  close  to  the 
sea  surface.  Another  type  of  applications  covers  the  invest!* 
gation  of  turbulence  structures,  especially  the  detection  and 
tracking  of  aircraft  wake  vortices.  Despite  all  the  accurate 
results  gained  during  these  and  additional  field  experiments, 
some  difficulties  became  evident  which  can  influence  the  LDA 
measurements  in  unfavourable  cases.  One  of  those  cases  is  the 
presence  of  strongly  scattering  layers  like  fog  or  low  clouds 
within  or  nearby  the  sensing  volume.  This  paper  describes 
the  possibilities  which  arise  by  simultaneous  measurements  of 
aerosol  profiles  and  cloud  heights  using  a  backscatter  lidar 
and  a  ceilometer. 

Improved  range  determination 

For  wind  measurements  with  a  cw  Doppler  lidar  it  is  necessary 
to  focus  the  cw  laser  radiation  at  a  certain  range  R.  The 
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where  D  la  the  diameter  of  the  foeualng  optica  and  X  la  the 
wavelength  (10.6  um).  In  caae  that  the  baekaeatterlng  aeroaol 
partlclea  are  homogeneoualy  dlatrlbuted,  more  than  80  %  of 
the  algnal  la  due  to  baekaeatterlng  In  the  aenalng  volume. 

But  often,  the  atmoapheric  boundary  layer  ahowa  Inhomogeneoua 
aeroaol  atructurea  aometlmea  with  extreme  conditions  like  fog 
or  low  altitude  clouds.  In  a  former  paper  (1)  we  have 
presented  some  examples  of  fog  and  cloud  Influence  on  LDA 
measurements.  Since  different  atmospheric  layers  are  normally 
connected  with  different  wind  quantities,  the  frequency 
spectra  show  more  than  one  wind  peak.  In  the  meantime,  our  LDA 
has  been  equipped  with  a  multiple  peak  finder  and  the  corres- 
ponding  evalutlon  algorithm  which  allows  to  separate  the  velocity 
peaks  of  a  fog  layer  or  low  altitude  cloud  frean  the  wind  peaks 
above  or  below  (2).  Difficulties  still  arise  at  ranges  where 
the  effects  of  fog  and  clouds  overlap  the  effects  of  the  un* 
disturbed  atmosphere. 

Another  approach  to  Improve  the  range  allocation  of  wind 
signals  makes  use  of  the  presence  of  different  aerosol  layers. 

If,  for  example,  a  layer  of  Increased  aerosol  concentration 
(Inversion  layer )ls  present  within  the  wind  profiling  height 
the  LDA  signal  may  consist  of  three  components:  one  from  above, 
one  from  Inside,  and  one  from  below  that  layer.  The  slgnal^to- 
noise  ratio  (SNR)  of  each  cemponent  can  be  calculated.  The 
relation  between  all  three  SNR  values  depends  on  the  back- 
scatter  values  and  on  the  position  of  the  focussed  volume  re¬ 
lative  to  the  Inversion  layer.  The  backscatter  values  can  be 
estimated  using  the  simultaneously  measured  aerosol  dlstrl- 
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bution.  In  that  way,  the  peak  In  the  velocity  spectrum  which 
corresponds  best  to  the  range  setting  can  be  identified  by 
means  of  the  calculated  signal  strength.  In  case  of  large 
sensing  volumes  at  long  ranges  this  method  allows  a  finer  range 
resolution  if  there' is  a  inversion  layer  identified  within  the 
sensing  voliune. 

The  measurement  of  the  aerosol  profiles  is  performed  by  the  DFVLR 
Minilidar  which  is  based  on  a  Nd:YAG  laser  (3).  Moreover, 
an  Impulsphysik  Laser  Ceilograph  (4)  is  available  for  monitoring 
of  cloud  base  heights. 

Aerosol  backscatter  measurements 


With  respect  to  the  Global  Backscatter  Experiment  (GLOBE)  it  is 
desirable  to  achieve  aerosol  backscatter  data  at  9.1  and  10.6  \im. 
Therefore,  the  LDA  Doppler  signals  will  be  treated  in  £  similar 
way  as  the  LATAS  alggorithm  which  was  developed  to  derive  aerosol 
backscatter  data  from  airborne  cw  CO,  Doppler  lidar  measurements 
(5). 

The  simultaneously  measured  aerosol  profiles  at  a  wavelength  of 
1.06  um  offers  the  possibility  to  check  the  LDA  derived  back¬ 
scatter  profiles.  Moreover,  the  relation  between  backscatter 
coefficients  at  1.06  and  10.6  um  can  be  investigated. 
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High  Spectral  Resolution  Lidar  Measurements  of  CimiS  Cloud  Optical  Properties 
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LkJar  backscatter  signals  are  generated  by  scattering  from  both  molecules  and  particles.  The 
spectral  distribution  of  light  scattered  by  molecules  is  Doppler-broadened  by  rapid,  thermally 
induced,  molecular  motions.  Light  scattered  by  aerosols  and  cirrus  particles  is  essentially 
unshifted  because  of  the  relatively  slow  Brownian  motion  of  particles.  Using  this  difference,  the 
High  Spectral  Resolution  Lidar  (HSRL)'**^  interferometrically  separates  particulate  from  molecular 
backscatter.  By  using  the  distribution  of  molecular  scattering  as  a  known  target,  the  HSRL 
achieves  unambiguous,  calibrated  measurements  of  atmospheric  extinction,  backscatter  cross 
section,  and  backscatter  phase  (unction. 

The  HSRL  was  used  during  the  FIRE  IFO  experiment  (Oct. -Nov.  1986)  to  observe  the  optical 
properties  and  occurrence  of  cirrus  clouds  at  Madison.  Wisconsin.  Significant  improvements  in 
instrument  and  calibration  technique  were  accomplished  which  enabled  the  HSRL  to  perform 
optical  property  measurements  at  cirrus  cloud  altitudes.  Successful  eye-safe  measurements  were 
achieved  during  both  day  and  night  conditions  using  only  50  mW  of  average  power.  A  schematic 
of  the  current  system  configuration  is  presented  in  fig.  t.  A  summary  of  system  specrTrcations  is 
presented  in  table  1. 

Range-time  indicator  displays  of  the  lidar  backscatter  signal  were  generated  which  depict  the 
height,  occurrence  and  layer  thickness  of  the  clouds.  Part  of  the  data  were  analysed  and 
calibrated  backscatter  cross  section  profiles  (fig.'s  2-6)  were  produced  as  wen  as  time  and  range 
av3raged  values  of  extinction  and  backscatter  phase  function.  Backscatter  phase  functions 
ranged  from  .027  •  .045  sr-1 .  with  no  apparent  dependence  on  in-situ  temperature  (fig.  7).  A 
summary  of  the  optical  property  measurements  is  presented  in  table  2. 

Support  for  this  work  has  been  provided  under  ARO  grant  '>AAG29  -  84  -  0069  and  ONR 
contract  N00014  -  85  •  K  -  0581 . 
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Table  1:  HSRL  System  Paramateis 


HSRL  Receiver. 

Teteeeope:  Pilmarydiameler  .35  m 

Secondaiy  (fiameter  .114  m 

Focal  len^  3.85  m 

F.O.V.  (futt  width)  320  |lR 


Pie-fler 


50  mm  diameter  plates 
FiMropUc  Scrambler 

Meifeience  tier  (FW1M) 
Etaton  spacers  (Ei.  E2) 
Combined  bandwidth  (FWHM) 


l00mmXlJ23mm<Sa 
.66  NA,F-2  glass 
1  nm  at  510.6  nm 
1.003,  .726  mm 
2Spm 


High  resolution  etaion:  150  mm  diameter  plates 

Etalon  spacer  12.786  mm 

BarKMdth(FWHM)  .6  pm 


Photomultipner  tubes:  B4iGenccm  9863B/100 


HSRL  Transmitter 


Laser 


CUCI2  (lasing  on  Cu  lines  at  510.6  nm  and  578.2  nm) 
Beam  expansion  factor  3 

Transmitted  beam  diameter  30  mm 


TransmHted  power  50  mW  at  510.6  nm 

Bandwidth  (stripped  FWHM)  .4  pm 

Pulse  repetition  rate  8  kHz 

Pulse  length  15  ns 

Inputpower  4kv.5Aat8kHz 


TablB2:  Data  Summary 


Date 

Time 

Altitude 

Ba 

Pa'4* 

T 

RH 

GMT 

km 

10-5  m*^ 

sr"* 

co 

% 

10/27/86 

23:00 

8.0 

4.2±.8S 

.028 

•S2.6 

70 

10/31/86 

14:25 

10.5 

2.41.80 

.030 

-59.0 

59 

10/31/86 

15:05 

10.2 

1.91.72 

.032 

-51.5 

62 

10/31/86 

15:45 

9.1 

2.711.1 

.024 

-41.5 

68 

10/31/86 

16:25 

8.6 

1.81.83 

.039 

-38  0 

69 

10/31/86 

16:25 

12.1 

1.21.71 

.023 

-66.5 

43 

10/31/86 

17:05 

8.8 

1.21.45 

.034 

-39.3 

69 

10/31/86 

17:05 

12.1 

.681.(2 

.045 

-66.5 

43 
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Optiealy  Slgntflcani  Clmjs  Clouds  may  be  Rendered  nnvWble'  to  Space4Mme  Simple  Udar 

Systems 

C.  J.  Qtund  and  £.  W.  Etorania 
umversHy  of  Wisoonsin 
Oepartmant  of  Meteorology 
1225  W.  Dayton 
Madison.  Wl.  53705 
(608)  263  •  9363 


Recently,  there  has  been  much  discussion  among  Ildar  researchers  concerning  the  infinite 
solution  set  of  extinction  profiles  which  can  be  produced  from  a  given  simple-lidar  backscatter 
profile'* .  This  ambiguity  is  caused  by  the  measured  backscatter  signal  dependence  on  both  the 
backscatter  cross  section  and  on  the  profHe  of  extinction.  Simple  ikJar  systems  produce  only  one 
measurement  from  which  to  deduce  these  two  range-dependent  parameters.  Thus,  simple  Rdar 
measurements  must  be  augmented  by  additional  measurements  or  knowledge  of  the  physical 
relationship  between  backscatter  and  extinction  before  meaningful  profiles  of  extinction  can  be 
produced.  One  simple  Udar  retrieval  method  assumes  independent  knowledge  of  extinction  at  at 
least  one  range  arxl  an  assumed  relationship  between  the  backscatter  cross  section  and 
extinctions,  a  second  method  seeks  a  common  solution  to  several  simple  lidar  profiles  produced 
by  observations  at  different  viewing  anglesS*^*^. 

Due  to  the  rigorous  weight,  power  and  reliability  requirements  imposed  by  the  space 
environment,  the  first  generation  of  space-borne  instruments  will  be  of  the  non-scanning,  simple 
lidar  type,  and  win  have  modest  signal  detection  capabUities.  These  systems  will  be  co-located  with 
passive  radiometers.  They  are  expected  to  provide  detailed  cloud  existence,  height  and 
thickness  information  to  improve  the  accuracy  of  radiometer  soundings. 

The  University  of  Wisconsin  High  Spectral  Resolution  Lidar  (HSRL)8>7.<$  makes 
unambiguous,  measuiements  of  backscatter  cross  section,  extinction,  and  backscatter  phase 
function  by  spectrally  separating  the  Doppter-broadened  backscatter  from  molecules  from  the 
unbroadend  return  from  particles.  The  distrSjution  of  air  molecules  is  then  used  as  a  known 
calibration  target  available  at  every  range.  HSRL  measurements  indicated  that  cirrus  clouds  often 
exhibit  backscatter  cross  section  which  decrease  with  height  (e.g.  lower  altitude  cloud  layer 
shown  in  fig.  1).  It  is  possible  that  such  cloud-top  profHes  might  potentially  render  these  cimjs 
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InvisMe*  to  spaco-temo  simple  Ndar  systems  U  the  increase  in  backscatter  cfoss  section  with 
range  is  just  sufficient  to  offset  the  loss  of  signal  due  to  extinction  with  increasing  cloud 
penetration. 

In  order  to  demonstrate  this  effect,  k  is  pos8k>le  to  solve  the  lidar  equation  for  a  family  of 
extinction  profiles  which  would  yield  straigM  log-lnear  r2  corrected  return  signals  with  a  slope  S. 
Assuming  a  constant  ratio  between  the  extinction  and  backscatter  cross  section,  one  may  write 
the  range  derivative  of  the  logarithm  of  the  Ildar  equation  as: 


S 


-  2B^(R) 


(1) 

Where  S  is  the  log  slope  of  the  corrected  expected  return  signal,  R  is  the  range  and  8^  is 
the  extinction.  A  BemoulH  solution  may  be  employed  to  reduce  this  representation  to  a  first  order 
linsar  equation  with  the  sokiticn: 


(2) 

Where  Rg  is  the  range  at  which  the  doud  begins,  and  Bg  is  the  extinction  at  that  range. 

Fig.  2  presents  the  extinction  profiles  of  three  hypothetical  clouds  which  would  be  ’invisa}^* 
to  nadir  viewing  iidars  wkh  the  signal  detection  limks  of  6, 4  and  1  (denoted  A.  B,  and  C)  times  the 
expected  molecular  backscatter  signal  from  8  km  calculated  at  a  wavelength  d  510  nm  (hereafter 
referred  to  as  the  scattering  ratio).  The  clouds  depicted  in  profiles  A,  B  and  C  have  respective 
optical  depths  of  1.1,  .46,  and  .08  through  the  3  km  doud  thickness,  and  are  thus  both  realistic 
and  radiatively  significant.  Curves  A,  B.  and  C  were  calculated  from  eq.  2  to  yield  a  log  slope  near  0 
for  a  nadir  lidar  profile  construded  according  to  the  Ndar  equation.  Bg  was  then  chosen  so  that  the 
resultant  down-looking  profile  would  produce  a  scattering  ratio  of  6, 4,  or  1  for  cunres  A,  B,  and  C, 
respectively.  Thus,  for  example,  a  nadir  viewing  lidar  with  a  mininum  scattering  ratio  detedion  limit 
of  6  would  not  be  capable  of  distinguishing  from  noise  the  backscatter  signals  produced  clouds  A, 
B,orC. 

Fig.'s  3, 4,  and  5  depid  the  expeded  scattering  ratio  obsenrations  from  Hdar  systems  viewing 
douds  described  by  ths  8^  profiles  A,  B.  and  C.  respedively.  The  simulations  assumed  a  fixed 
backscatter  cross  section  to  extindion  ratio  of  .03  sr^  tor  the  cloud  particles.  Lidar  profiles  are 
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plon«d  for  each  doud  profile  tor  both  zenith  viewing  and  nadir  hdar  observations.  Note  that  for  a 
cloud  with  this  soft  topAfistinct  bottom  structure.  M  is  possiiie  to  see  the  cloud  bottom  from  below, 
but  it  may  be  possible  to  miss  the  cloud  entirety  from  above.  Also  note  that  in  all  cases  the  up- 
looking  Kdar  would  not  see  the  cloud  tops  because  the  backscatter  cross  section  at  tNs  range 
must  decrease  to  a  level  insuffideni  to  produce  a  signal  which  exceeds  the  noise  floor. 

Support  for  this  work  has  been  provided  under  ARO  grant  DAAG29  -  84  -  0069  and  ONR 
contract  N00014  •  85  -  K  •  0581. 
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Cloud  seasureaents  using  a  ground  based  NdYAG  Lidar  opiating  at  a 
wavelength  of  0.53  ua  showed  iaportant  backscatter  returns  froa  an  altitude 
of  approxiaately  12  ka.  during  visually  clear  ataospheric  conditions.  The 
Lidar  return  signal  is  attributed  to  sub-visible  cirrus  clouds  having 
backscatter  ratios  of  6.1  to  7.6  and  a  backscatter  coefficient  of  2.64  to 
3.43  X  10(E-03)  /ka/sr.  The  aeasurearats  were  taken  during  the  FIRS  (  ftrst 
International  Satellite  Cloud  Cliaatology  Project  Regional  fiqperiaent  T.IFO 
7  Intensive  Field  Observations  )  in  Wisconsin  during  October  and  Noveaber 
1986.  The  results  are  coapared  with  collaborative  seasureaents  (  eg. 
satellite,  air  saapling,  radioaetric  etc.  during  the  PIRB  trials  ),  Lidar 
data  froa  Langley  Research  Center  (  LaRC  }  and  literature  results. 


The  requireaents  for  a  dedicated  Lidar  systea  to  v"  .  .wor  cirrus  clouds 
for  RO  (  extended  Tine  Observations  )  developed  as  r.  *esult  of  the  above 
aeasureaents.  The  design~is  based  on  a  NdYAG  laser  and  is  discussed  in  teras 
of  optiaizing  ccxqxxients  with  respect  to  S/N  ratio  (  signal/noise  ) 
siaulations.  A  rai^  of  specifications  are  considered  in  teras  of 
transaitter,  receiver,  detectors,  electronics,  co^»terized  data 
processing/display,  autnaation,  platfoni  and  logistics. 
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P.O.Box  12081 «  20134  Milano,  Italy 


SUMMARY 

An  IR  light  source  based  on  a  Lithiuw  Niobate  Optical 
Paraeetric  Oscillator  (OPO)  has  been  developed  to  eeasure 
snail  average  concentrations  of  atnospheric  pollutants  by 
LIOAR  technique. 

The  OPO  source  is  puaped  by  a  Q-switched  Nd:YAG  laser 
with  a  Self  Filtering  Unstable  Resonator  (SPUR)  cavity^  and 
polarization  output  coupling  to  obtain  with  a  high  efficiency 
a  smooth,  near  diffraction  linited  bean.  As  it  is  known,  a 
good  pump  bean  quality  is  very  important  to  achieve  reliable 
OPO  operation.  Our  SPUR  laser  meets  this  requirement  with 
pulses  of  about  150  mJ  energy,  20  ns  duration  and  10  pps  of 
repetition  rate.  Reflection  of  pump  beam  light  back  in  the 
laser  cavity  by  LiNbOa  facets  is  prevented  by  slightly  tilting 
the  crystal,  thus  avoiding  the  use  of  a  Faraday  insulator. 

OPO  cavity  is  about  20  cm  long;  the  resonator  consists  of 
a  plane  mirror  with  70X  reflectivity  for  signal  wavelengtht 
and  of  a  gold  coated,  2.8  micron  blazed  diffraction  gratings. 
The  bandwidth  is  about  1  cm~^.The  source  is  actually  optimized 
to  operate  in  the  3  micron  region.  Output  energy  is  about  1  mJ 
at  signal  wavelength  with  130  mJ  of  pump  energy.  OPO 
threshold  has  been  measured  using  a  plane,  gold  coated  mirror 
instead  of  the  grating  and  it  is  about  70  mJ  with  a  signal  * 
idler  conversion  efficiency  of  lOX  at  twice  the  threshold. 
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The  OPO  source  is  actually  part  of  a  correlation  LIDAR 
systea^  designed  to  aeasure  saall  average  concentrations  of 
aethane  gas  in  ataosphere.  The  systea  has  a  sensitivity  in  the 
ppa  range  on  integration  paths  of  soae  hundred  aetres.  It  uses 
topographic  targets  as  reflectors  and  it  is  operated  on  a 
saall  truck. 

The  gas  correlation  technique  used  for  this  systea  aakes 
it  possible  to  self  normalize  the  return  signal  obtained  froa 
a  single  laser  pulse,  while  conventional  DIAL  aethod  requires 
two  laser  shots  to  obtain  the  reference  and  the  absorption 
signals.  This  fact  may  lead  to  important  errors  when  the 
system  is  used  to  make  measurement  on  moving  platforms,  while 
the  gas  correlation  method  leaves  any  time  dependent  effect 
such  as  target  reflectivity,  at  the  expense  of  a  lower 
sensitivity  and  a  greater  effect  on  the  measurement  of 
interfering  molecules. 

The  gas  correlation  approach  requires  a  fixed  wavelength 
rather  broadband  source  which  spectrum  wholly  overlaps  on 
absorption  line  of  the  target  molecule.  The  back-scattere i 
signal  from  a  topographic  target  is  half-splitted  and  focused 
on  two  detectors.  Light  passing  in  the  "direct”  branch 
straight  overtakes  the  photodiode,  whereas  in  the 
"correlation”  path  there  is  a  gas  filter  correlation  cell  in 
front  of  it.  This  is  filled  with  a  large  amount  of  the  target 
molecule  and  in  this  way  the  detected  energy  of  the  pulse  in 
the  "correlation"  arm  is  nearly  uneffected  by  the  presence  or 


81 


IC12>3 


ab*«nc*  of  the  target  gas  in  the  ataoephere.  After  a 
calibration,  the  ratio  between  the  two  branches  is  thus 
related  to  the  average  concentration  of  the  target  nolecule  on 
the  operating  path.  The  rather  wide  bandwidth  of  the  source 
also  brings  about  sone  disadvantages.  First,  a  lower 
sensitivity  since  the  neasured  transaission  has  a  rather  slow 
dependence  on  the  gas  concentration.  Second,  the  systea  is 
Bore  sensitive  to  interfering  aolecules  which  aodify  the  ratio 
between  the  two  aras  thus  leading  to  calibration  errors. 

Because  reliable  operation  requires  good  stability  of 
source  bandwidth,  two  internal  "direct**  and  "c jrrelation" 
paths  which  see  a  signal  tapped  froa  the  transaitted  one  are 
used  to  monitor  the  OPO  working. 
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The  present  study  describes  the  cloud  top  structure  of  an  East  Pacific  marine 
stratocumulus  cloud  layer  as  observed  from  a  downward-pointing  lidar  system 
aboard  the  NASA  ER-2  aircraft.  The  lidar  observations  were  coordinated  with 
in  Situ  observations  of  cloud  parameters.  These  data  are  applied  to  study 
important  statistical  properties  of  the  stratus  clouds.  The  study  of  cloud 
top  structures  is  highly  relevant  for  detailed  radiation  budget  calculations. 
Because  large  gradients  in  temperature  and  humidity  exist  near  the  cloud  top, 
cloud  top  emmitted  radiation  varies  significantly  in  the  vertical.  Precise 
knowledge  of  cloud  top  location  allows  for  a  precise  determination  of  cloud 
top  cooling  and  thus  determines  an  important  loss/gain  in  the  atmospheric 
thermodynamic  energy  budget.  Cloud  top  topography  and  periodic  structures 
influence  the  solar  reflectance  and  therefore  the  albedo  of  the  clouds. 

The  cloud  lidar  system  aboard  the  NASA  ER-2  consists  of  a  Nd/YAG  laser 
transmitting  at  S32  nm  with  firing  repetition  rate  of  3.5  Hz.  Along  the  line 
of  flight,  lidar  shots  are  collected  every  70  a.  The  digitization  rate  of 
individual  lidar  profiles  is  20  MHz  and  corresponds  to  a  vertical  spatial 
resolution  of  7.5  a.  In  situ  data  of  cloud  characteristics  were  collected  by 
a  Beechcraft  Super  King  Air  aircraft.  Lidar  and  in  situ  data  were  supplemented 
by  detailed  pictures  of  the  clouds  taken  by  cameras  aboard  the  ER-2  aircraft 
and  by  radiometer  data  obtained  with  the  ^htltispectral  Cloud  Radiometer  (MCR). 
This  instrument  recorded  upwelling  radiation  in  visible  and  near  infrared 
wavelength  bands. 

The  data  descibed  here  was  taken  on  September  28,  1983,  during  an  experiment 
of  2.5  hours  duration  carried  out  in  a  region  of  120  by  60  km  over  the  Pacific 
Ocean  near  San  Fransisco.  The  ER-2  flew  at  an  altitude  of  18  km  in  a  racetrack 
pattern  with  east-west  flight  legs  along  30^30'  and  36°40'  north  near 
124°30'  west.  The  in  situ  aircraft  flew  racetrack  patterns  in  the  upper  part 
of  the  cloud  deck  (700  -  1000  a)  with  occasional  ascents  and  descents  through 
the  cloud-topped  boundary  layer  (CBL). 

The  mean  weather  pattern  on  this  day  was  typical  summer-like  with  a  northerly 
flow  over  the  East  Pacific.  Therefore  the  cloud  tops  were  sampled  in  a 
direction  perpendicular  to  the  mean  CBL-wind.  CBL  potential  temperature  was 
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I4**C  with  a  mean  specific  humidity  of  8  g/kg.  At  the  cioud  top,  the  mean 
potential  temperature  increased  to  2l*’c  with  rapidly  decreasing  specific 
humidity.  Sea  surface  temperature  was  17u,  so  that  the  sensible  heat  flux 
into  the  atmosphere  was  positive.  We  have  therefore  reason  to  believe  that 
the  CBL  was  not  in  stationary  balance  with  the  ocean  surface.  Mean  CBL  wind 
speed  was  12  m/s  out  of  the  north-northwest.  At  the  CBL-top,  winds  dropped 
sharply  and  turned  to  the  northeast. 

During  data  analysis  each  signal  was  searched  for  its  maximum  backscatter 
value.  This  value  does  not  necessary  correspond  to  the  cloud  top  since  the 
backscatter  increases  rapidly  upon  encountering  cloud  water  droplets.  Cloud 
top  height  was  computed  as  the  first  data  level  with  a  backscatter  value 
above  the  ambient  noise  level  just  above  the  height  of  maximum  backscatter. 
Cloud  height  measurements  were  corrected  for  aircraft  roll,  pitch  and  yaw, 
and  for  pressure  altitude  offsets. 


Figure  1.  Cloud  top  heights  as  measured  by  the  lidar.  Individual 
data  points  and  local  mean  (solid  line)  are  shown. 

Figure  1  shows  the  lidar  measurements  of  cloud  top  height  as  a  function  of 
horizontal  distance  in  west-east  direction.  Cloud  top  heights  varied  between 
1050  m  in  the  west  to  800  m  in  the  east.  A  remarkable  fine-scale  vertical 
variation  in  cloud  top  of  the  order  of  80  m  was  present.  Repeated  flight  legs 
along  the  same  position  showed  no  change  in  mean  cloud  height.  However  large 
variations  were  present  on  the  smaller  1-5  km  scale.  Local  mean  cloud  top 
height  was  removed  from  the  data  and  cloud  top  height  distributions  were 
computed  relative  to  the  mean  height.  The  average  distribution  function  was 
normalized  by  the  variance  and  by  the  integral  of  the  distribution  function. 

Figure  2  shows  the  normalized  distribution  function  fitted  by  a  Gaussian  and 
by  a  Gramm-Charlier  expansion  (GCE).  This  measured  distribution  function  is 
based  on  10338  individual  lidar  observations.  The  GCE  is  cccegted  as  the 
proper  fit  to  the  measured  distribution  function  based  on  a  X  -analysis. 
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Figure  2.  Measured  and  fitted  cloud  top  distribution  functions. 

The  distribution  is  Measured  relative  to  the  aean  and  nonulized 
by  the  standard  deviation. 

It  is  evident  that  the  average  distribution  function  is  negatively  skewed. 
This  Means  that  on  the  average  clouds  have  flat  tops  and  deep  cusps  at  their 
side.  This  is  in  accordance  with  close-up  pictures  of  local  cloud  top 
variations.  The  reason  for  the  negative  skewness  is  that  upward-aoving 
convective  motions  in  the  cloud  are  daaped  by  the  existence  of  the  strong 
temperature  inversion  at  the  C8L-top, •causing  the  local  cloud  tops  to 
spread  out  sideways.  Downward  Moving  parcels  of  radiatively  cooled  air  do 
not  encounter  such  a  natural  boundary. 


Figure  3.  Average  spectrum  of  cloud  top  variations  with  respect 
to  the  aean  cloud  height. 
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Spectra  of  cloud  top  variations  with  respect  to  the  local  aean  were  coaputed 
and  averaged.  The  average  is  shown  in  Figure  3.  Plotted  on  a  log-log  scale 
are  the  normalized  spectral  variances  as  functions  of  wavelength.  A  wave 
lenght  corresponds  here  to  the  size  of  a  horizontal  periodic  structure.  The 
spectral  peak  is  found  at  4.5  km  or  6  times  the  depth  of  the  CBL.  A  similar 
peak  was  also  found  in  spectra  derived  from  the  visible  channel  (75^im)  of 
the  NCR  and  from  in  situ  data  of  in-cloud  parameters.  It  can  therefore  be 
established  beyond  reasonable  doubt  that  the  dominant  cloud  size  in  the 
direction  perpendicular  to  the  mean  CBL-wind  speed  was  4.5  km.  In  the  spectrum 
sho^  in  Figure  3,  two  liM^r  segments  can  be  identified.  One  is  following 
a  k  law,  the  other  a  k  law.  The  change  in  spectral  slope  at  900  a  is 
significant  as  it  corresponds  to  the  mean  CBL  depth.  The  law  for  cloud 

top  fluctuations  suggests  a  direct  proportionality  with  an  in-cloud  turbulence 
parameter  of  which  the  most  likely  candidate  is  the  vertical  velocity  w. 

In  conclusion,  this  study  shows  that  detailed  cloud  top  measurements  can  be 
made  using  a  lidar  system  flying  at  high  altitudes.  Over  a  distance  of  120  km 
cloud  top  heights  varied  as  much  as  300-350  m,  while  local  variations  were 
found  of  the  order  of  80  m.  Therefore,  cloud  top  cooling  is  present  over  at 
least  those  distances.  This  impacts  CBL-modeling  that  uses  a  realistic  cloud 
top  inversion  structure. 
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In  Noveaber  1986  an  airborne  Ildar  caapalgn  was  conducted  to  study  the 
horizontal  structure  of  the  sodlua  layer.  The  caapalgn  was  based  In 
Denver,  CO,  and  14  hours  of  data  were  collected  during  three  flights  over 
a  total  baseline  of  7,500  ka.  The  aircraft  vas  a  Lockheed-Elcctra  operated 
by  the  NCAR  RAF. 

The  flight  plans  are  suaattrlzed  In  Table  1,  and  the  flight  paths  are 
shovn  In  Figure  1.  The  sodlua  layer  appears  to  change  significantly  with 
latitude  and  longitude  as  shovn  In  Figure  2  where  soae  of  the  density 
profiles  taken  on  the  westbound  leg  of  the  eastward  flight  are  plotted. 

The  longitudinal  variations  of  the  centroid  height  aeasured  on  the 
eastward  flights  are  shovn  in  Figure  3.  The  centroid  heights  over  the 
Rocky  Mountains  were  higher  than  those  over  the  Great  Plains.  These 
centroid  height  differences  nay  be  related  to  the  orographic  forcing  over 
the  Rocky  Mountains. 

The  intrinsic  gravity  wave  paraaeters  can  be  estlaated  iron  the 
airborne  sodlua  Ildar  data.  The  vertical  wavelengths,  aaplitude  and 
growth  lengths  are  estlaated  iron  the  spatial  povet  spectra  of  vertical  Na 
density  profiles.  The  wave  propagation  directions  and  the  ratio  of 
vertical  to  horizontal  wavelengths  are  estlaated  fron  the  altitude 
variations  of  the  Na  density  peaks  or  valleys.  The  background  wind 
velocity  in  the  direction  of  wave  propa^tlon  can  also  be  estlaated 
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froa  th«  altitude  variations  of  tha  density  peaks  or  valleys.  The 
intrinsic  periods  are  estiaated  using  the  dispersion  relation,  T  ■ 
where  is  the  Brunt-Vaisala  period  (  ■  S  ain  at  the  aesopause).  These 
paraaeters,  which  were  calculated  froa  the  data  taken  on  the  westward 
flight,  are  listed  in  Table  2. 


Flight  i 

Date 

Tine 

(MST) 


Measureaent  2.65  6.95 

Duration  (hours) 


Flight  Pattern  Triangular  Eastward 

( Denver •NM-AZ-  (Denver>Springfleld 
VT-Denver)  IL-Denver) 


3 

Nov.  17-18 
2141-0503 

7.37 

Westward 

(Denver- 
Pacific  Coast- 
Denver) 


Table  2.  Intrinsic  Wave  Paraaeters  (Westward  Flight,  Nov.  17-18,  1986 


Tiae 

0020-0218  NST 

Vert  Phase  Vel 

0.64  a/ sec 

Vert  Wavelength 

6.40  ka 

Bori  Phase  Vel 

21.56  n/sec 

Hori  Wavelength 

216  ka 

Aaplitude 

5.2  X 

Period 

167  ain 

Growth  Length 

12.16  ka 

Wave  Propag  Angle 
(w.r.t.  north) 

177.8® 

Neridional 
Background  Wind 

9.67  a/sec 
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Centroid  (km)  Altitude  (kn) 
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Springfield*  Western 

Illinois  Kansas 


Denver*  CO 


Density  profiles  taken  on  the  westbound  leg  of  the  eastward  flight 


Figure  3>  Centroid  height  variations  observed  on  the  cestvard  flight. 
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Introductiop 


A  aethod  for  coaputing  the  gravity  wave  vertical  vavenuaber  speecnia 
and  ras  wind  velocity  froa  the  data  obtained  by  a  sodiua  lidar  systea  is 
described.  The  spectral  slope  and  ras  wind  velocity  teaporal  and  altitude 
variations  are  deteralned. 


Theory 

The  sodiua  layer  response  to  gravity  waves  in  the  absence  of  eheaical 
effects  and  diffusion  is  (Gardner  and  Voels,  1987] 


t  t 

n  (*,t)  ■  exp(-X  V.V  dTj  n  (s-J  V  dxl 

where 

n^  ■  sodiua  density 

n^  ■  sodiua  density  in  the  absence  of  winds 

V  m  wind  field 

V.  ■  vertical  wind 
z 

s  -  distance  froa  layer  centroid. 


The  divergence  tera  distorts  the  sodiua  layer  by  coapression  and 
rarefaction,  while  the  vertical  wind  displaces  the  steady-state  layer.  The 
steady-state  layer  is  aodelled  as  a  gaussian 


n  (z)  -  C  exp(-  -  C  exp(-g(z)l. 

2a_ 
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To  first  ordor  in  Vt 

t  t 

In  n  <s,t)  ■  -  /  T.V  dt  ♦  In  C  -  f(s)  ♦  f*(s)  /  T  dx. 
•  “  -•  * 

Th«  steady-stato  layer  effects  are  reaoved,  resulting  in 


£(s,t) 


In  n  (s,t)  •  In  C  ♦  g(s) 

9 

*  I  * 

/  7.V  dT  ♦  /  V  dT  . 


The  gravity  wave  polarization  and  dispersion  relations  can  be  used  to 
relate  f(z,t)  and  its  spectrua  to  horizontal  wind  velocity  V  and  the 
vertical  vavenuaber  spectrua.  The  variance  of  the  horizontal  wind  velocity 
is 


y<r-l)  Hg 


1 

n 


,-»aL.2 

‘7’ 


1 

E 


L/2  , 

I  r(2) 

-L/2 


dz 


where 


L  ■  altitude  range  of  aeasureaent  (-20  ka). 
The  vertical  vavenuaber  spectrua  is  given  by 


E(k,) 


1 

J 


•Kr-l)  Hg 
-  ^  I  ,-»HL.2 

1  *  J7  (— j) 

"o 


♦pCk*) 


-  E 


L/2 

f  f(z) 
-L/2 


eik^r  dz 


Results 


The  vertical  vavenuaber  spectrum  for  March  8-9,  1984,  is  shown  in 
Figure  1.  The  spectral  slope  is  -2.96,  which  is  the  expected  result  for 
saturating  waves.  The  aodelling  results  of  Devan  and  Good  [19861  and 
Veinstock  [1985]  are  shown  for  comparison. 


Figure  2  shows  the  nocturnal  variation  in  res  wind  velocity.  The 
increase  in  wave  activity  in  the  early  norning  is  typical  of  the  results 
froa  other  dates.  The  variation  with  altitude  of  the  rns  wind  velocity  is 
shown  in  Figure  3.  The  amplitude  growth  length  is  less  than  the 
unsaturated  value  of  1/2H,  supporting  the  conclusion  that  the  waves  are 
saturating.  Around  the  layer  peak  it  is  not  possible  to  calculate  the  rms 
wind  velocity  using  the  linear  layer  response  since  nonlinear  effects  are 
dominant.  Seasonal  variations  in  rms  wind  velocity  are  shown  in  Figure  4. 
The  average,  maximum,  and  minimum  values  for  each  night  are  shown.  There 
appears  to  be  a  strong  semianrual  component  with  minima  at  the  equinox. 
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The  spectral  reflectance,  namely  the  fraction  of  the  Incident 
radiation  flux  reflected  at  a  given  wavelength.  Is  an  Intrinsic 
characteristic  of  each  natural  or  artificial  surface.  It  seemed 
therefore  Interesting  to  Investigate  the  potential  of  multiwa¬ 
velength  Ildars  in  target  identification  by  means  of  a  spectral 
reflectance  analysis;  because  of  Its  wavelength  agility  the  CO^ 
laser  Is  a  very  attractive  one  for  this  kind  of  analysis.  The 
aim  of  this  paper  Is  to  present  the  results  of  spectral  reflec¬ 
tance  measurements  of  relevant  target  surface  materials  at  the 
CO^  laser  wavelengths  In  order  to  forecast  the  performances  of 
a  differential  reflectance  Ildar. 

Laboratory  Measurements 

The  experimental  setup  Is  based  on  a  grating  tunable  pulsed  TEA 
CO^  laser,  the  transmitted  beam  is  sent  on  the  sample,  and  the 
reflected  radiation  Is  detected  by  a  suitable  optics  and  a  py¬ 
roelectric  detector.  A  second  detector  which  receives  a  small 
part  of  the  outgoing  radiation  1  used  for  energy  normalization. 
The  sample  Is  placed  on  a  rotating  turntable  In  order  to  ave¬ 
rage  tne  surface  Irregularities. 
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the  aamples  were  divided  in  four  classes: 

**  Calibration  targets  and  reflectance  standards  (6  samples) 

**  Geological  materials  (15  samples) 

-  Construction  materials  (4  samples) 

-  Vegetation  (13  samples) 

For  what  concern  the  calibration  targets  it  is  )cnown  that  sui¬ 
table  materials  should  be:  durable,  reproducible,  easy  to  fa¬ 
bricate,  Lambertian,  and  with  a  known  and  uniform  spectral  re¬ 
flectance  in  the  wavelength  range  of  CO^  lasers.  As  a  result 
of  the  experiment  diffusely  reflecting  aluminum  targets  repre¬ 
sent  the  right  choice  even  if  they  are  not  always  strictly 
LamL>ertian. 

The  geological  and  construction  materials  are  generally  of  com¬ 
plicated  chemical  structure  with  variable  mineral  composition 
giving  reflectance  spectra  that  could  notably  vary  from  sample 
to  sample.  Neverthless  the  Important  reflectance  maxima  produ¬ 
ced  in  this  wavelength  region  by  silicate  minerals  show  a  good 
potential  in  differential  reflectance  remote  sensing. 

The  vegetation  samples  were  composed  by  foliage,  grass,  and 
some  plants  of  agricultural  Interest.  The  spectra  of  grass 
were  remarkably  different  from  the  spectra  of  foliage,  and 
here  is  a  difference  in  the  10  micron  region  between  deciduous 
and  coniferous  trees.  Changes  were  also  observed  in  spectra  of 
wheat  at  different  vegetation  times  and  in  other  crops  of  agri¬ 
cultural  Interest. 

Data  Processing 

The  spectra  were  processed  in  order  to  identify  the  wavelength 
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couples  which  allow  the  target  Identification.  As  a  result  of 
this  processing  the  possibility  of  detecting  different  geolo> 
glcal  species  and  vegetation  saxnples  with  a  maxlsium  of  four 
wavelengths  was  shown. 
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Chlorophyll  plays  a  £und£unental  role  in  the  photosynthetic 
process  of  living  plants,  it  is  therefore  obvious  that  each  phe¬ 
nomenon  related  to  chlorophyll  may  also  be  related  to  uhe  pho- 
tosynthetlc  process.  Since  chlorophyll  a  shows  a  strong  fluo¬ 
rescence  emission  in  the  wavelength  region  between  670  nm  and 
740  nm  it  is  attractive  to  analyze  the  potential  of  laser  fluo- 
rosensors  in  the  remote  sensing  of  living  plants.  While  a  quite 
large  ntimber  of  papers  were  devoted  to  the  lidar  remote  sensing 
of  chlorophyll  fluorescence  in  phytoplancton  only  few  papers  has 
been  devoted  to  the  remote  sensing  of  chlorophyll  fluorescence 
in  living  plants.  A  research  program  in  this  field  was  started 
as  a  part  of  a  national  program  on  agriculture  inq>rovement  (IPRA 
Project) ,  the  analysis  was  carried  out  in  the  laboratory  by 
me£uis  of  a  lidar  simulator  and  in  fields  by  means  of  the  lidar 
fluorosensor  FLIDAR-2. 

High  resolution  spectra  were  detected  amd  processed  in  order  to 
investigate  their  behavior,  and  particularly  the  two  components 
at  685  nm  and  730  nm,  and  the  relationships  with  the  photosyn¬ 
thetic  process  with  the  aim  of  investigating  the  potential  of 
lidar  fluorosensors  in  the  detection  of  plamt  health. 
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Tha  laser  excited  fluorescence  in  living  plants  was  analysed  by 
means  of  a  "Ildar  alatulator*  cos^sed  by  different  laser  heads, 
both  pulsed  and  CW,  a  suitable  focusing  and  receiving  optics, 
a  grating  spectrometer,  and  a  PAR  0MA>2  multichannel  analyzer. 
Different  phenomena  were  Investigated  like  the  change  of  the 
Intensity  and  behavior  of  the  fluorescence  spectrum  with  the 
excitation  wavelength,  the  exposure  time  to  the  laser  radiation, 
the  background  radiation,  etc. 

As  a  result  of  this  analysis  a  physical  model  of  chlorophyll  a 
fluorescence  In  living  plants  and  of  Its  relationships  with  the 
photosynthetic  process  was  developed}  this  model  fits  quite 
well  the  experimental  results. 

A  second  part  of  the  laboratory  experiments  was  devoted  to  the 
detection  of  laser  excited  fluorescence  spectra  of  living  plants 
submitted  to  water  stress  or  to  cold  stress.  These  experiments 
showed  the  Influence  of  the  stresses  on  the  ratio  bet«reen  the 
two  peaks  of  the  fluorescence  spectrum  at  685  nm  and  730  nm. 

Field  Experiments 


Field  experiments  were  carried  out  whlth  the  high  spectral  re* 
solution  fluorosensor  FLIDAR-2;  these  experiments  started  In 
October  1986. 

The  FLI0AR*2  operates  at  the  same  time  as  a  fluorosensor  and  as 
a  passive  spectrometer.  The  reflectance  spectra  detected  In  the 
spectrometer  operation  are  used  both  for  the  subtraction  of 
background  from  the  fluorescence  spectra  and  for  the  evaluation 
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Of  the  leaf  area  Index  (lAI) . 

In  the  first  experiment  the  change  of  the  fluorescence  spectrum 
with  the  solar  radiation  intensity  was  investigated  on  some 
Douglass  firs.  A  good  agreement  was  found  bet%reen  the  intensity 
of  the  photosynthetic  active  radiation  (PAR)  and  the  ratio 
betvraen  the  fluorescence  emission  at  685  nm  and  730  nm.  This  re¬ 
sult  confirmed  the  detectability  in  operational  conditions  of 
the  photosynthetic  process  behavior  by  means  of  laser  fluorosen- 
sors. 

Other  field  experiments  are  planned  in  Summer  1987. 
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FLIDAR-Z  a  Coapact  Lidar  Fluorosensor  and  Spectroaeter 
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The  FLIDAR-2  is  the  result  of  the  researches  carried  out  at 
IROE-CNR  on  the  reaote  sensing  of  the  environaent  by  lidar 
f luorosensors  and  passive  optical  sensors. 

The  FLIDAR-2  is  the  first  lidar  fluorosensor  having  high  spec* 
tral  resolution,  and  it  is  based  on  a  new  idea  in  reaote  sen¬ 
sing  of  the  environaent  because  it  operates  at  the  saae  tine  as 
a  lidar  fluorosensor  and  a  passive  spectroneter.  The  use  of  the 
sane  device  for  active  and  passive  reaote  sensing  allows  a  per¬ 
fect  conparison  between  the  data  and  reduces  weights  and  costs. 

The  Systea 

The  FLIDAR-2  is  divided  in  three  nodules: 

-  Sensor 

-  Control  Electronics 

-  Gas  Handling 

Sensor  -  This  nodule  contains  the  excitation  laser,  the  recei¬ 
ving  systea,  and  a  standard  TV  caaera. 

The  laser  was  expressly  designed  for  this  application  and  is 
ccnposed  of  an  exciner  laser  operating  at  308  na,  a  dye  laser 
and/or  a  Raman  shifter;  the  last  two  units  are  pumped  by  the 
exciner  laser.  This  solution  gives  an  excitation  wavelength 
which  can  be  shifted  from  UV  to  the  near  IR.  The  receiving  sys¬ 
tem  is  composed  by  a  newtonian  telescope  having  in  its  focus  the 


102 


IClft-2 

entrance  slit  of  a  grating  spectrometer;  the  output  spectru’i  is 
detected  by  an  intensified  and  gatable  photodiode  array. 

Control  Electronics  -  This  sodule  contains  the  minicomputer 
which  controls  the  acquisitiorw  presentatioiv  and  recording  of 
data.  It  contains  also  the  battery  power  supply  and  the  TV  re¬ 
corder. 


Gas  Handling  -  This  module  contains  the  gas  cilinders  and  the 
whole  gas  handling  system  for  the  excimer  laser;  the  module  is 
connected  to  the  lidar  only  during  the  refilling  of  the  excimer 
laser.  This  solution  allows  an  important  reduction  of  weights 
and  sizes  during  the  field  experiments  because  the  system  ope¬ 
rates  only  with  the  first  two  modules. 


SENSOR  nOOULE 

Excimar  Laser  (Xe-Cl,  308  nm) 

Pulse  Energy:  80  mj  llax  p.r.f.:  10  Hz 

Pulse  Length:  IS  ns 

Dye  Laser  and  Raman  Shifter 

-  Data  depending  from  the  particular  system  used 
Receiving  System 

-  f:4,  250  mm  0,  Newtonian  telescope 

-  f :4  grating  spectrometer  with  three  gratings  Interchangeable  during  the 
measurement: 

Dispersion  (nm/mm)  3.0  -  6.0  -  24.0 
Spect.  Range  (nm)  37.5  -  75.0-300.0 

-  Detector:  512  elements.  Intensified,  gatable,  diode  array 

-  Over  all  size:  1x1. 2x0. 6  m  Weight:  84  Kg  (without  batteries) 

CONTROL  ELECTRONICS  HOOULE 

-  Console  PAR  018-3,  with  20nb  hard  disk  and  floppy  disk 

-  Batteries,  Inverter,  video  recorder 

-  Over  all  size:  0.77x  0.5x0. 5  m  Weight:  63  kg  (without  batteries) 

GAS  HANDLING  MODULE 

-  Over  all  size  1.5x0. 5x0. 7  m  Weight:  depending  from  the  cilinders 

POWER  SUPPLY 

-  24  V  dc  20  A/h  (laser)  and  63  A/h  (electronics).  220  V  50  Hz  optional 

Table  I  -  Technical  characteristics  of  FLIOAR-2 
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Applications 

The  FLIDAR'Z  allows  the  reaote  sensing  of  high  resolution  spec¬ 
tra  of  laser  stimulated  emissions  like  fluorescence  and  Raman 
(lidar  function)  and  of  target  reflectance  (spectrometer  fun¬ 
ction).  The  system  was  expressly  designed  for  operations  from 
fixed  and  moving  platforms;  its  size  and  weight  are  particu¬ 
larly  suitable  for  airborne  use  also  with  small  aircrafts. 

On  the  basis  of  the  laboratory  and  field  experiments  carried 
out  in  the  past  a  set  of  software  packages  was  developed  and 
stored  in  the  control  electronics  module.  By  means  of  this 
software  it  is  possible  to  process  the  detected  spectra  in  or¬ 
der  to: 

-  Measure  the  thickness  of  oil  film  over  the  water 

-  Identify  the  oil  in  spills 

-  Analize  the  photosyntetic  process  in  living  plants 
Other  software  packages  are  under  development  at  present. 

The  FLIDAR-2  is  also  an  important  help  in  the  design  of  remote 
sensing  systems,  fluorescence  lidars  and  spectrometers,  for 
specific  applications.  The  high  resolution  spectra  can  be  in 
fact  processed  via  software  in  order  to  forecast  the  performan¬ 
ces  of  lower  resolution  systems. 

The  field  tests,  which  started  in  October  1986,  have  confirmed 
the  forecasted  performances  of  the  FLIDAR-Z. 

Future  Improvements 

Also  if  the  FLIDAR-2  is  a  very  powerful  remote  sensor  for  en¬ 
vironmental  applications  its  performances  can  be  improved  with 
a  time  resolved  channel,  for  sea  bathymetry  and  vegetation  thic¬ 
kness  measurements. 
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The  use  of  lidar  fluorosensors  in  the  detection  of  oil  films 
over  the  water  surface  is  well  known  and  laboratory  and  field 
experiments  were  done  by  different  authors  in  the  past  years. 

A  systematic  analysis  of  fluorosensor  performances  in  dete> 
ction  and  characterization  of  oil  films  was  carried  out  as  a 
part  of  the  I ROE  program  of  environmental  remote  sensing.  The 
investigation  concerned  the  definition  of  the  best  laser  wave¬ 
lengths,  the  measurement  of  film  thickness,  the  identification 
of  the  minimum  detectable  film  thickness,  the  identification  of 
the  oil  which  composes  the  film.  The  results  of  this  analysis 
were  the  base  of  the  development  of  IROE  FLIDAR-2  hardware  and 
software. 

The  analysis  was  mainly  done  using  a  "lidar  simulator"  huilt 
with  an  excimer  laser,  an  excimer  pumped  dye  laser,  a  suitable 
transmitting  and  receiving  optics,  a  grating  spectrometer,  and 
a  PAR  OMA-2  optical  multichannel  analyzer.  The  fluorescence 
spectra  were  detected  and  processed  and  the  appropriate  software 
was  developed  for  each  one  of  the  abovementioned  problems  in 
view  of  the  use  on  operational  systems. 

Source  selection  and  minimum  detectable  thickness 


The  first  experiments  were  devoted  to  the  identification  of  the 
most  suitable  laser  source  for  oil  detection.  The  parameters 
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taken  into  account  were: 

•  The  oil  fluorescence  efficency 

-  The  ataospheric  absorption  at  both  the  excitation  and  fluo¬ 
rescence  wavelengths 

-  The  laser  efficency 

The  XeCl  excimer  laser  gave  the  best  coapromise  for  thin  oil 
layers,  while  an  excimer  pumped  dye  laser  operating  in  the  ran¬ 
ge  of  420  nm  geve  the  best  compromise  for  thick  layers. 

The  minimum  film  thickness  detectable  with  XeCl  excitation  was 
identified  in  around  10  nm. 

Film  thickness  measurements 


If  the  film  thickness  is  lower  than  the  optical  penetration 
depth  in  the  oil  at  the  involved  wavelengths  it  can  be  measured 
or  by  intensity  of  the  fluorescence  signal,  which  increases 
with  the  thickness,  or  by  the  intensity  of  the  water  Raman  si¬ 
gnal,  which  decreases  with  thickness.  The  experiments  showed 
that  the  use  of  Raman  signal  depression  is  more  suitable  for 
thicknesses  below  100  nm. 

In  the  measurement  of  film  thickness  the  oil  absorption  at  the 
involved  wavelengths  is  an  important  parameter  which  is  practi¬ 
cally  impossible  to  obtain  by  standard  techniques.  An  original 
and  easy  technique  for  the  measurement  of  the  extinction  coef¬ 
ficient  in  high  absorbing  fluids  was  identified  during 
these  experiments. 

Oil  identification 


The  potential  of  the  lidar  fluorosensor  in  the  identification 
of  the  oil  which  composes  the  film  was  investigated  with  the 
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aid  of  a  library  of  fluorescence  spectra  of  more  than  60  dif- 
feren  mineral  oils;  a  particular  attention  was  devoted  to  te* 
chniques  which  may  allow  an  automatic  processing  and  presenta¬ 
tion  of  data. 

Crosscorrelation  techniques  showed  a  good  potential  in  the  i- 
dentif ication  of  the  oil  class  (crude,  light,  heavy)  while  the 
use  of  the  ratio  between  the  fluorescence  intensities  at  two 
properly  selected  wavelengths  showed  the  same  potential  and  the 
possibility  of  an  identification  inside  the  class. 
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AEROSOLS  AND  HUHIDITY  PROFILES 
RECORDED  USING  THE  ALEXANDRITE  LASER  : 
PRELIHINARY  RESULTS  AND  SYSTEM  TESTS 


Since  1983  we  were  developing  fully  mobile  new  DIAL  system  to  monitor 
the  major  meteorological  parameters  (humidity,  temperature,  aerosols) 
using  the  alexandrite  laser  as  the  transmitter. 

During  July  1987,  a  field  campaign  was  started  to  evaluate  the  actual 
performances  of  the  system  after  a  one  year  testing  In  our  laboratory. 
The  aim  of  this  campaign  was  twofold  : 

-  First,  the  evaluation  of  the  entire  system  performances  In  terms  of 
range  detectivity,  ultimate  accuracies  and  limitations, 

•  Second,  the  records  of  first  water  vapour  profiles  using  the 
alexandrite  laser. 

EVALUATION  OF  THE  SYSTEM  PERFORMANCES 

To  check  for  the  system  performances  we  used  an  emitted  wavelength  In 
the  range  730-755  nm,  a  region  free  of  absorption  and  corresponding  to 
the  maximum  available  energy  of  the  laser  source. 

Comparisons  of  daytime  and  nighttime  ranging  have  been  performed  ;  a 
precise  quantification  of  the  transmitter/receiver  optics  efficiency 
has  been  computed.  Systematic  comparisons  of  the  different  accuracies 
corresponding  to  different  gains  of  the  switchable  gain  micro-processor 
control ed  ADC  converter  have  been  made. 

The  analysis  of  the  obtained  results  will  be  reported  at  the  meeting. 

FIRST  WATER  VAPOUR  MEASUREMENTS  WITH  THE  ALEXANDRITE  LASER 

Different  measurements  using  couples  of  wavelengths  attainable  within  a 
reasonable  operation  of  the  alexandrite  laser  will  be  slow.  Using  the 
numerous  realtime  laser  controls  which  are  performed  during  an 
acquisition  sequence,  we  will  try.  to  estimate  the  relative  Importances 
of  the  different  tests.  A  detailed  discussion  of  the  actual  accuracy  of 
the  measured  profiles  will  be  adressed.  The  Influence  of  the  seqiientlal 
acquisition  scheme  will  be  partly  discussed. 
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Spatial  Saaiiling  of  tho  Maaauring  VOIuh  fay  ^ 
Intraluctlan  of  Dedicated  tpecrtoM  in  Lidar  ^stens 


Steen  Hanecn 

Riaoe  National  labcntoty,  Oomaik 


m  oKdinazy  laser  DoHpler  Anaecnetzy  (UA)  light  scattered  frcn  single 
particles  frcn  tuo  different  faeaas  of  laser  li^  is  nixed  coherently  on  a 
photadetecbor  surface.  The  detector  current  contains  Infomation  on  the 
velocity  of  single  particles,  and  various  teeixa-al  noennts  of  the  velocity 
distzdfaution  can  be  deducted  frcn  the  readings.  XJDKR  cystees  for 
velocity  debeznination  baaed  on  infrared  aouioKi^  are  xisually  depending  on 
patasetric  aaplif ication  and  tdll  titerefors  solely  probe  the  longitudinal 
flew  velocity,  vfiereas  aystans  based  on  lasers  eedtting  visible  light  are 
independent  of  a  local  oscillator  facilitating  the  probing  of  all  three 
velocity  cceponents  in  a  snail  neasuring  volune. 

It  will  be  shown  how  the  introduction  of  dedicated  apertures  in 
Fourier  plane  of  the  scattered  field  fron  the  particles  will  bring  about  a 
sethod  for  conditional  saspling  of  the  measuring  voltoae.  Ihis  ieplies 
that  only  fields  scattered  frcn  particles  with  a  fixed  relative  -  but  not 
absolute  posltian  will  mix  ocherently  on  the  detector.  A  systen  based 
on  dedicated  apertures  will  therefore  give  the  velocity  difference  between 
paztidee  having  a  well’-defined  and  known  ^atial  separation. 

Ihe  effect  of  Xtm  dedicated  aperture  can  be  analyzed  by  writing  qp  the 
field  in  the  Fourier  plana  of  a  single  eaitted  beam  ZJOKR  system  which  is 
either  monostatic  or  bistatic.  Ihis  field  is  Xim  Fourier  txansfom  of  ttie 
acattered  field  from  the  particles  which  is  essentially  a  sub  of  delta 
functions.  Ihe  dedicated  aperture  function  is  multiplied  to  give  the 
field  incident  on  the  detector.  The  intensity  is  the  field  absolutely 
squared  which  is  integrated  over  the  detector  surface  to  give  the  detector 
current.  Ihzseval's  tttaorem  can  be  used  to  transfer  this  integral  from 
the  Fauriar  plane  to  the  measuring  voluaa.  The  ixitegzel  is  now  changed 
into  an  integral  of  the  absolute  square  of  ttie  sue  of  delta  functions  from 
the  scattering  particles  convoluted  «fith  ttie  Fourier  transform  of  the 
dedicated  aperture.  If,  for  instanoe,  the  dedicated  aperture  is  a 
grating-lika  function,  the  Fourier  tzansfezm  will  be  a  double  delta 
fimetien  with  a  aepazation  given  by  the  grating  constant,  ttie  wavelengUi 
of  dw  11^,  and  focal  length  of  tha  lens.  The  ocnvOlutian  in  the 
maasuring  voIudb  picks  out  particle  pairs  %dth  the  right  mutual 
saparation.  Tha  detector  currant  will  tterefore  have  a  frequency  content 
which  with  this  aperture  is  given  by  die  velocity  difference  between 
particles  widi  the  known  relative  separation. 
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It  will  ha  diown  hew  tha  introlaoed  apectuxa  can  ba  caplayed 
alBultanBausly  in  tha  ttansmittar  and  zaoaivar  part  of  tha  ayataa  to 
ahhanoa  tha  aignal  quality. 

lha  uaa  of  oatchad  dadicatad  filters  in  aeparatad  tranaadttar  and  raoaivar 
apacatura  will  ba  shown  to  allaviata  tha  dsaands  for  tsBfxgnl  and  apatial 
oohaeanoa  of  tha  aouroa. 

Sdwaws  for  naasursBant  of  vortlcity  in  the  atMntqheine  will  be  presented. 

A  cloud  of  particles  rotating  as  a  rigid  bod/  can  be  probed,  lha 
rotational  speed  around,  a.g. ,  the  y-axis  is  ooapletely  detemined  if  the 
velocity  difference  in  the  z>diracticn  is  neasured  prewided  that  the 
separation  in  the  x-directlon  is  known.  Ihe  sana  concept  can  ba  eaployed 
in  a  Bcnaatatic  oog-systeai  relying  on  paraastric  aspliflcation  of  the 
scattered  radiation. 

This  work  has  been  supported  by  the  Dani^  Teohnical  Itoooarch  Oouncil. 
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York  (1981)  pp.  212>220. 

2)  S.G.  Hanson:  'laser-based  Method  for  Analyzing  Rotational  ^peed  and 
Vortlcity*,  mtemational  Syaposiua  on  laser  Aneacagtry-FED-Vol.  33 
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Satellite  Remote  Sensing  for  Earth  System  Science: 
NASA's  Earth  Observing  System  (Eos) 


Robert  J.  Curran 

Office  of  Space  Science  and  Applications 
National  Aeronautics  and  Space  Administration 
Washington,  DC  20546  U.S.A. 


Environmental  concerns  of  a  global  nature  are  influencing  the  development  of  a 
multidisciplinary  approach  to  understanding  the  Earth  as  a  system.  In  recent  years  these 
concerns  have  become  more  prominent  due  to  a  series  of  problems  involving  large 
geographic  regions  such  as;  understanding  the  effects  of  the  increases  in  carbon  dioxide, 
understanding  the  causes  and  consequences  of  changes  in  the  ozone  layer,  and  resolving 
the  anthropogenic  influence  on  the  acidity  of  precipitation.  Clearly  the  global  scope  oi  these 
and  other  problem  areas  requires  both  a  multidisciplinary,  as  well  as  a  multinational 
approach  for  their  solution.  In  order  to  address  these  problems,  observational  capabilities 
must  be  employed  ranging  from  in  situ  and  laboratory  measurements  to  satellite  based 
global  remote  sensing.  An  Earth  Observing  System  (Eos)  is  planned  to  meet  many  of  these 
requirements  for  remote  sensing  from  low  Earth  orbiting  satellites.  A  number  of 
instruments  are  under  consideration  as  the  payload  for  the  sun-synchronous  satellite 
platforms.  The  payload  is  conceptually  grouped  into  three  packages  to  illustrate  the 
synergistic  relationships  that  exist  among  the  instruments. 

The  first  package  of  Eos  instruments  is  termed  the  Surface  Imaging  and  Sounding  Package 
(SISP).  It  includes  four  capabilities:  Moderate-Resolution  Imaging  Spectrometer 
(MODIS),  High-Resolution  Imaging  Spectrometer  (HIRIS),  High-Resolution 
Multifrequency  Microwave  Radiometer  (HMMR),  and  Udar  Atmospheric  Sounder  and 
Altimeter  (LASA).  If  flown  together,  this  package  of  instruments  will  probe  the  same 
atmospheric  conditions,  which  will  enable  their  data  to  be  compared  and  combined  in  detail 
to  produce  more  infcxmation 

The  second  package  consists  of  three  radar  techniques  -  and  is  called  Sensing  with  Active 
Microwaves  (SAM).  This  package  consists  of  three  instruments:  Synthetic  Aperature 
Radar  (SAR),  Radar  Altimeter,  and  Scatterometer.  In  general,  the  variables  observed  with 
these  three  instruments  are  sufficiently  persistent  (land,  ocean,  and  ice  features)  to  permit 
them  to  be  flown  in  different  orbits  from  one  another  without  significant  sacrifice  of 
scientific  return. 

The  third  package  is  the  Atmospheric  Physics  and  Chemistiy  Monitors  (APACAM).  The 
Eos  strategy  relies  upon  the  operational  payloads  for  soundings  of  atmospheric 
temperature,  coarse  vertical  profiles  of  moisture,  and  general  characterization  of  clouds. 
The  remote  sensing  of  the  atmosphere  can  be  broken  down  into  measurements  of  the 
troposphere  or  lower  atmosphere  and  of  the  stratosphere  and  mesosphere  or  upper 
atmosphere.  It  can  also  be  divided  into  measurements  of  the  temperatures,  chemical 
species,  and  aerosols,  which  comprise  the  atmospheric  composition  and  structure,  and 
measurements  of  the  winds.  This  pair  of  dichotomies  in  atmospheric  variables  to  be 
measured  results  in  four  general  instrument  types  being  included  in  the  Eos  payload  - 
Laser  Atmospheric  Wind  Sounder  (LAWS)  measurements  of  the  lower  atmosphere, 
tropospheric  composition  measurements,  upper  atmosphere  temperature  and  composition 
measurements,  and  Fabry-Perot  Interferometry  measurements  of  upper  atmospheric 
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winds.  Within  the  APACM  package  there  is  a  need  to  fly  the  upper  atmospheric 
instruments  together.  These  all  use  limb  scanning  to  achieve  sufficient  vertical  resolution. 
The  tropospheric  devices  could  be  flown  separately  from  the  upper  atmospheric  devices. 

The  presentation  will  describe  the  general  approach  taken  in  developing  the  Eos  concepL 
This  includes  it's  contribution  to  the  NASA's  proposed  thrust  entitled  "Mission  to  Planet 
Earth."  The  remonder  of  the  discussion  will  focus  on  more  of  the  details  of  several  of  the 
active  and  passive  instruments  which  use  optical  techniques. 
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REMOTE  SENSING  OF  EARTH  AND  PLANETARY 

ATMOSPHERES  USING  GAS  CORRELATION 
SPECTRORADIOMETRY 

Daniel  J.  McCIeese 
Jet  Propulsion  Laboratory 
Pasadena,  California 


INTRODUCTION 

Gas  correlation  spectroradiometry  is  one  of  the  most  frequently  used  techniques 
for  remote  measurements  of  atmospheric  properties.  It  is  a  relatively  simple  and 
robust  technique  which  is  most  useful  in  applications  where  very  high  spectral  dis¬ 
crimination  (up  to  the  line  Doppler  width)  is  required  and  yet  signal  levels  are 
low.  Such  is  the  case  for  Earth  upper  atmospheric  temperature  and  species  abun¬ 
dance  measurements  and  for  numerous  planetary  measurement  objectives.  The 
first  spacebome  gas  correlation  experiment  (Abel  et  al  1970)  was  flown  on  Nimbus 
4  by  Oxford  University  to  obtain  global  measurements  of  stratospheric  tempera^ 
ture.  Since  the  launch  of  that  instrument  in  1970,  eight  Earth  orbital  instruments 
and  one  planetary  experiment  have  used  thu  technique  for  a  variety  of  atmospheric 
investigations.  Gas  correlation  spectroradiometry  continues  to  offer  significant  ad¬ 
vantages  over  other  instrumental  approaches  for  investigations  in  which  instrument 
capability  and  complexity  are  equally  important  considerations.  For  example,  the 
atmospheric  sounder  row  being  developed  at  JPL  for  the  Mars  Observer  planetary 
mission  (McCIeese  et  al  1986)  tises  gas  correlation  spectral  channels  to  achieve  a 
resolution  of  0.01  cm~*  in  the  mid-infrared  using  hardware  of  minimum  complexity 
and  having  substantial  flight  heritage. 

GAS  CORRELATION  SPECTRORADIOMETERS 

In  each  of  the  various  approaches  to  implementing  gas  correlation  spectroradiom¬ 
etry  a  path  of  gas  is  contained  within  the  instrument.  There  is,  therefore,  a  re¬ 
quirement  inherent  in  the  technique  that  the  atmospheric  gas  of  interest  be  selected 
in  advance.  It  is  also  essential  that  the  spectroscopic  characteristics  of  that  gas 
be  well  understood.  Consequently,  correlation  techniques  are  most  effective  when 
applied  to  focused  measurement  objectives.  Global  mapping  of  atmospheric  fields 
over  extended  periods  represent  a  particularly  appropriate  use  of  correlation  spec¬ 
troradiometry.  The  selective  chopper  and  pressure  modulator  radiometers  on  the 
Nimbus  and  TIROS  Earth  orbiting  spacecraft  are  examples  for  which  the  routine, 
global  mapping  of  atmospheric  temperature  was  conducted  almost  continously  for 
12  years.  However,  the  technique  is  not  suited  to  surveys  of  atmospheric  composi- 
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tkm  as  is  required  in  the  csriy  phases  of  the  expioration  of  a  pianet.  Instniment 
compiexity  increases  almost  linearly  with  the  number  molecular  species  to  be 
(^Moeed,  so  that  correlation  spectroradiometry  becomes  inappropriate  when  more 
than  a  few  atmospheric  components  are  to  be  measured. 

The  most  significant  advantages  of  these  instruments,  high  spectral  discrimi¬ 
nation  and  species  selectivity  coupled  with  a  large  energy  grasp,  can  be  realized 
only  when  the  observed  spectral  line  widths  are  small  compared  with  the  interline 
spacing.  For  this  reason  correlation  spectroradiometry  is  only  infrequently  ^piied 
to  studies  the  Earth’s  troposphere  in  which  pressure  boardening  tends  to  biend 
the  spectral  lines  of  the  gas  of  interest.  Simple  filter  radiometry  is  often  more 
appropriate  in  these  situations. 

Selective  Chopper  Radiometers 

The  Nimbus  4  Selective  Chopper  Radiometer  (SCR)  was  the  first  spacebome  imple¬ 
mentation  of  correlation  spectroradiometry.  This  instrument  made  nadir  viewing 
emission  radiometry  measurements  of  stratospheric  temperature  using  the  15  mi¬ 
cron  band  of  COf.  In  a  selective  chopper  two  optical  paths  having  different  amounts 
of  gas  are  sampled  alternately  by  a  detector.  The  radiometric  difference  between 
these  two  paths  is  a  measure  of  the  radiation  originating  from  the  atmosphere  within 
the  spectral  line  profiles  of  the  reference  gas.  Although  simple  in  concept,  the  selec¬ 
tive  chopper  suffers  from  considerable  difficulties  in  achieving  a  radiometric  balance 
between  the  two  optical  paths;  an  imbalance  introduces  a  large  offset  in  the  signal. 
This  radiometric  imbalance  is  frequently  very  much  larger  than  the  atmospheric 
signal.  Long-term  calibration  of  these  instruments  is,  as  a  consequence,  difficult. 
Nevertheless,  the  Nimbus  4  and  succeeding  Nimbus  5  SCR  investigations  were  very 
successful  and  provided  our  first  global  maps  and  long-term  record  of  temperature 
in  the  Earth’s  upper  atmosphere  (Barnett  et  ai  1972;  Ellis  et  oi  1973). 

Pressure  Modulator  Radiometers 

An  elegant  solution  to  the  radiometric  calibration  problems  associated  with  selec¬ 
tive  chopping  has  resulted  in  the  highly  successful  pressure  modulator  radiometer 
(Taylor  1983).  In  this  approach  a  single  path  of  gas  is  used  in  the  correlation  mea¬ 
surement.  A  piston  driven  at  resonance  modulates  the  line  of  sight  amount  of  gas 
in  a  cell.  The  correlation  signal  is  derived  from  the  phase  sensitive  detection  of  the 
resulting  modulation  of  radiation  transmitted  by  the  cell.  First  used  on  the  Nimbus 
6  spacecraft  launched  in  1975,  these  devices  have  since  been  flown  on  Nimbus  7 
for  limb  measurements  of  stratospheric  and  mesospheric  temperature  and  species 
abundances  (Drummond  et  al  1980;  Barnett  et  of  1985)  including  CO,  CH4,  NO, 
NjO  and  HjO,  and  on  the  TIROS  series  of  operation^  spacecraft.  The  Pioneer 
Venus  mission  carried  a  pressure  modulator  to  study  the  thermal  structure  of  the 
upper  atmosphere  of  Venus  (Taylor  et  al  1979).  Two  new  infrared  limb  viewing 
instruments  employing  pressure  modulation  are  under  development  at  the  present 
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time.  The  Improved  Stratospheric  and  Mesospheric  Sounder  uses  eight  pressure 
modulation  units,  and  will  be  flown  on  the  Upper  Atmospheric  Research  Satellite 
for  temperature  and  species  measurements.  The  Pressure  Modulator  Infrared  lUf- 
diometer  (McCleese  et  at  1986)  is  to  fly  on  the  Mars  Observer  spacecraft  and  will 
obtain  vertical  profiles  of  water  vapor  abundaiKe  and  temperature  throughout  the 
lower  and  middle  atmosphere  of  Mars  using  two  modulators,  one  containing  water 
vapor  and  other  containing  carbon  dioxide. 

The  evolution  of  pressure  modulation  radiometry  has  brought  significant  so¬ 
phistication  to  the  technique.  By  means  of  careful  selection  of  path  length,  gas 
mean  pressure  and  compression  ratio  the  spectral  selectivity  of  the  modulator  can 
be  tuned  to  sample  the  centers,  or  the  near  or  far  wings  of  the  atmospheric  lines. 
For  Mars,  the  species  specificity  and  high  spectral  discrimination  capabilities  of 
correlation  techniques  are  crucial  to  successful  atmospheric  measurements.  The 
ubiquitous  atmospheric  dust  virtually  rules  out  techniques  which  are  unable  to  dis¬ 
tinguish  between  continuum  spectral  features  and  those  arising  from  gaseous  line 
emission.  Because  of  the  large  amount  of  CO]  in  the  Martian  atmosphere,  high 
spectral  resolution  is  required  to  achieve  measurements  with  adequate  vertical  res¬ 
olution  (one-half  scale  height).  A  spectral  resolution  of  0.01  cm~^  is  needed  to 
sense  the  near  wings  of  the  lines,  while  avoiding  the  inverted  line  centers  which  are 
dominated  by  emission  from  the  upper  atmosphere. 

Electrooptic  Phase  Modulation  Gas  Correlation  Spectroradiometers 

The  direct  measurement  of  upper  atmospheric  winds  has  become  the  focus  of  a  new 
application  of  gas  correlation  techniques  (McCleese  and  Margolis  1983).  The  very 
high  spectral  discrimination  and  large  energy  grasp  of  correlation  spectroradiometry 
are  particularly  attractive  attributes  for  the  task  of  remotely  sensing  winds.  The 
wind  induced  Doppler  shift  in  the  emission  spectrum  of  a  stratospheric  gas  is  a  small 
fraction  of  the  width  of  a  spectral  line,  yet  the  measurement  of  that  Doppler  shift  is 
a  direct  determination  of  the  wind  speed.  However,  from  a  spacecraft  platform  and 
for  the  viewing  geometry  required  to  determine  wind  vectors,  the  relative  motion 
between  the  instrument  and  atmosphere  introduces  a  Doppler  shift  approximately 
200  times  greater  than  that  due  to  the  wind.  To  accomodate  the  large  spectral 
offset  and  measure  winds,  a  group  at  JPL  has  devised  a  technique  which  optically 
modulates  the  observed  spectrum  to  produce  a  correlation  signal.  An  electroop- 
tically  active  crystal  whose  refractive  ind«c  is  changed  by  an  applied  electric  field 
replaces  the  mechanically  induced  modulation  of  the  pressure  modulator  (Rider  et 
at  1986).  In  addition,  the  frequency  distribution  of  the  observed  spectrum  is  un¬ 
der  the  control  of  the  instniment,  making  frequency  correlation  measurements,  and 
thus  wind  sensing,  possible.  Numerical  simulations  of  the  performance  of  an  Earth 
orbiting  electrooptic  phase  modulation  gas  correlation  spectroradiometer  show  that 
winds  in  the  20  to  120  km  altitude  r2mge  can  be  measured  with  one-half  scale  height 
vertical  resolution  and  an  ucuracy  of  better  than  5  m/s. 
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ABSTRACT 

Ths  rssults  from  s  noblls  Ildar  havs  bssn  ussd  to  dsrlvs 
dsnsity  and  tsnpsraturs  prof lias  bstwssn  25  and  85  kn  ovsr 
csntral  Alaska  during  Fsbruary-Aprll  1986. 

INTRODUCTION 

During  ths  psrlod  bstwasn  Fsbruary  and  April  1986  a  nsw  noblls 
Ildar,  GLINT  (Ground-baasd  Lldar  INvastlgatlon^Transportabls ) , 
was  ussd  to  obtain  data  on  ths  vsrXstlons  which  occur  In  ths 
high  latltuds  rsglon  of  ths  staosphsrs  bstwasn  20  and  85  ka. 

Ths  Ildar  nsasurasants  wars  undsrtaksn  to  provlds  an  Inprovsd 
data  bass  on  which  ths  rssntry  flight  charsctsrlstlcs  of  ths 
Spacs  Shuttls  dsacsnt  from  a  polar  orbit  could  bs  bassd.  Ths 
lldar  can  nsasurs  profllss  with  Inprovsd  sltltuds  and  tins 
rssolutlon  conparsd  to  standard  rockst  tschnlquss.  This  Is 
Inportant  for  bsttsr  undsrstandlng  of  ths  dynanlcsl  procsssss 
of  ths  nlddls  atnosphsrs.  Data  was  obtainsd  on  26  nights 
during  ths  progran.  Standard  nstsorologlcal  balloon  and  rockst 
payloads  wars  ussd  to  naks  nsasursnsnts  and  provlds  a 
conparlson  study  with  ths  lldar  data.  Mors  than  a  thousand 
profllss  of  stnosphsrlc  dsnsity  wars  obtainsd  with  ths  lldar 
and  twsnty  nstsorologlcal  rocksts  wars  Isunchsd. 

Ths  nsasursnsnt  canpalgn  has  rssultsd  In  ssvsrsl  conclusions: 
(1)  ths  lldar  data  has  provldsd  ths  opportunity  to  obssrvs 
snall-scals  variations  and  ths  background  granularity  of  ths 
atnosphsrs,  (2)  planstary  wavss  nay  bs  assoclatsd  with  nors 
than  half  of  ths  total  dsnsity  varlstlon  In  ths  nlddls 
atnosphsrs,  (3)  dsnsity  and  tsnpsraturs  variations  can  bs  ussd 
to  study  ths  sourcs,  Intsnslty,  and  propagation  charactsristics 
of  gravity  wavss  In  ths  high  latltuds  wlntsr  atnosphsrs,  (4) 
thsss  nsasursnsnts  provlds  a  najor  stsp  in  dsnonstratlon  of  ths 
capabllltlss  of  lldar  as  a  tool  for  routlns  nstsorologlcal  and 
atnosphsrlc  nsasursnsnts. 

Ths  propsrtlss  of  ths  noblla  soxmdsr  ars  shown  In  Tabls  I.  Tho 
noblls  soundsr  Is  houssd  In  s  32  foot  trallsr  which  Is  air 
transportabls.  Ths  trallsr  usss  an  undsrcarrlags  which  can 
transport  ths  trallsr  ovsr  ths  road.  Adjustabls  Jacks  havs 
bssn  Includsd  to  allow  ths  trallsr  to  bs  lowsrsd  onto  a  solid 
bass  and  Isvslsd  at  an  opsratlng  sits.  Flgurs  1  shows  a 
drawing  of  ths  trallsr  configuration  and  a  layout  of  ths 
hardwars  within  ths  facility.  Flgurs  2  shows  ths  arrangsmsnt 
of  ths  lassr,  snail  dstsctor  and  ths  bsan  stssrlng  nlrror^  A 
30  cn  tslsscops  Is  oo-allgnsd  with  ths  lassr  bsan  and  a  nlrror 
Is  ussd  to  stssr  ovsr  a  rangs  of  slsvatlon  and  aslnuth.  A 
largsr  rscslvsr  of  62  cn  dla.  Is  ussd  for  zsnlth  nsasursnsnts. 
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Plgur*  1.  An  artist  sketch  of  the  GLINT  trailer  and  the  primary 
components  of  the  Ildar  Top  and  side  views  of  the  lay-out  of 
the  equipment  In  the  trailer  are  shown. 


Figure  2.  A  side  view  of  the  optical  layout  of  the  Ildar  shows 
the  principle  components  and  the  relationship  of  the  transmit 
bean  path  and  the  collected  signal. 


Table  I.  The  principle  components  of  the  mobile  Ildar. 
Transmitter  -  Nd:YAG  laser,  10  Hz,  Q-swltch,  15  watt 
600  mj  8  532  nm,  250  nj  8  355  nn 
5X  beam  expander  with  final  divergence  0.16  mrad 
Receiver  -  32  cm  telescope  (steerable)  photon  counting 
with  shutter  closed  below  15  km  and  variable 
aperture  up  to  40  km  -  nominal  fov  1.0  mrad 
-  62  cm  telescope  (vertical  pointed)  photon 
counting  with  mechanical  shutter  below  40  km 
Data  System  -  Lecroy  3500  multichannel  scaler  with  2 

microsecond  range  bins  (300  meter  resolution)  for 
each  detector  -  data  stored  on  magnetic  disk 
Safety  System  -  Electrical  Interlocks  and  radar  used  to 
automatically  disable  the  laser 
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SUMMARY  OF  RESULTS 

On  each  evening  of  Ildar  operation,  a  series  of  3>5  profiles 
were  obtained  using  the  ultraviolet  wave  length  at  355  nm  and 
the  visible  wavelength  at  532  nm,  simultaneously.  Figure  3 
shows  an  example  of  the  profiles  measured  by  the  green  and 
ultraviolet  detectors  on  the  32  cm  telescope.  Above  30  km,  the 
profiles  are  In  complete  agreement  and  below  30  km,  the  signal 
from  the  green  detector  Is  significantly  higher  than  that  for 
the  ultraviolet  detector.  The  ultraviolet  return  Is  relatively 
larger  for  the  molecular  scattering  and  thus  less  sensitive  to 
the  particulate  scattering.  This  fact  Is  due  to  the  1/x* 
dependence  of  the  molecular  scattering  cross  section.  By  using 
the  two  colors,  green  and  ultraviolet.  It  Is  possible  to 
resolve  the  question  of  what  altitude  regions  can  be  properly 
analyzed  as  pure  Rayleigh  scatter  from  which  density  and 
temperature  can  be  directly  determined. 


Figure  3.  Comparison  of  the  Figure  4.  Comparison  of  the 
visible  and  ultraviolet  Ildar  seasonal  extremes  measured 
profiles.  on  14  February  and  27  April. 


Figure  4  shows  an  example  of  the  extremes  of  the  measured 
conditions.  The  profiles  are  shown  as  a  density  ratio  to  the 
USSA76  model.  The  profile  of  14  February  Is  typical  of  the 
lower  winter  density  In  the  mesosphere  and  the  higher  density 
of  the  summer  is  represented  by  the  27  April  profile.  The  high 
latitude  atmosphere  exhibits  these  large  seasonal  changes  due 
to  the  change  from  complete  darkness  in  winter  to  continuous 
sun  In  the  stimmer.  The  solar  control  drives  large  changes  in 
the  circulation  of  the  atmosphere  In  the  polar  region.  Note 
that  the  region  between  18  and  25  km  exhibits  intense  narrow 
layers.  This  signal  Is  due  to  the  aerosols,  polar 
stratospheric  clouds,  and  volcanic  dust. 


The  measurements  conducted  during  this  campaign  rapresent  the 
first  serious  attempt  to  compare  Ildar  data  and  profiles  from 
meteorological  rockets.  An  example  of  the  Ildar  profile 
obtained  during  the  flight  of  a  datasonde  Is  shown  In  Figure  5. 
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Th«  six*  of  tho  ±  orror  bar  Is  shotm  on  tha  lidar  data  with 
a  spacing  which  indicates  tha  length  of  tha  smoothing  interval. 
Tha  example  exhibits  rather  strong  wave  activity,  which  was 
observed  frequently  in  March.  Cases  of  both  excellent 
agreement  and  significant  difference  between  the  rocket  and 
lidar  results  were  obtained.  Figure  6  shows  an  example  of  the 
planetary  wave  variations  measured  with  the  lidar  during  a 
major  stratospheric  warming  which  peaked  on  20  February.  The 
mean  night  profiles  provide  a  graphic  picture  of  the 
development  of  the  stratospheric  warming. 


Figure  5.  Comparison  of  the  lidar  profile  from  the  32  cm 
telescope  detector(6)  with  a  standard  datasonde  profile(D). 


Figure  6.  Sequence  of  mean  night  profiles  of  the  density 
ratio  to  the  USSA  model  which  show  the  change  in  response 
to  a  major  stratospheric  warming. 
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INTRODUCTION 

Tha  stratospharic  ozona  concantration  dapands  on  a 
combination  of  radiation,  chamistry  and  dynamics.  Cantral  to  tha 
chamistry  ara  tha  nltrogan,  chlorina,  and  hydrogan  cyclas  of 
catalytic  ozona  dastruction.  Varification  of  tha  photochamical 
modals  that  attampt  to  pradict  ozona  trands  raquiras  tha 
sifflultanaous  maasuremant  of  ozona,  tamparatura,  and. tha  traca 
spacias  which  participate  in  tha  ozona  dastruction. 

Limb-amission  spactroscopy  provides  tha  ability  to  measure 
simultaneously  many  trace  spacias  over  a  range  of  altitudes  with  3 
km  vertical  resolution  and  over  a  continuous  diurnal  cycle.  SIRIS 
(stratospheric  infrared  intarfaromatar-spactromatar)  has  so  far 
measured  13  molecular  spacias,  two  of  which  are  tha  temporary 
reservoir  spacias  CIONO-  and  N-O..  These  reservoir  spacias,  which 
temporarily  remove  CIO  and  NO/NO^  from  active  ozona  dastruction, 
ara  particularly  sensitive  to  remaining  uncertainties  in 
atmospheric  chamical  reaction  rates.  Figures  1)  and  3)  show  ona- 
dimansional  photochamical  modal  simulations  of  thair  diurnal 
variations. 


OBSERVATIONS  AND  DISCUSSION 
SIRIS  is  a  liguid-nitroqan-coolad  Fourier  transform 
spactromatar  of  resolution  0.02  cm~  (unapodizad)  that  records  a 
spectrum  every  1-3  minutes.  Tha  five  liquid-halium-coolad 
photoconductor  detectors  cover .segments  of  the  spectrum  between 
700  and  2000  cm~  (3-13  um).  '  SIRIS  has  thus  far  collected  good 
data  during  two  balloon  flights.  Tha  first,  with  a  **40  km  float 
altitude  on  tha  aftarncun  of  November  6,  1884,  recorded  spectra 
with  tangant  laights  of  14-40  km.  Tha  second,  with  a  "dO  km  float 
height  during  tha  evening  of  September  13-16,  1986,  recorded 
spectra  with  tangant  heights  of  8-40  km. 

Figure  2. shows  1986  nighttime  measuramants  of  N-O.  in  tha 
1220-1280  cm~^  region,  at  a  24  km  tangant  height;  figure  3>  shows 
a  corresponding  synthetically  generated  spectrum  for  tha  same 
tangent  height,  using  measured  tamparatura  profiles  and 
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rcprcsutatlv*  tr«c«-gas  profiles.  The  synthetic  spectrum  was 
generated  with  a  multi-layer  radiative  transfer  pode  that  uses 
spectroscopic  line  parameters  from  the  AFGL  tape^;  the  synthetic 
spectrum  does  not  include  N-0-.  Figure  4)  is  a  synthetic  spectrum 
with  N-0. ,  using  the  4:00  profile  from  figure  1),  together  with 
the  absorption  coefficients  measured  by  Massie  and  Goldman.  It 
is  seen  that  the  observed  spectrum  agrees  reasonably  well  with  the 
synthetic  spectrum  only  if  N.O.  is  included.  The  upper  curves  of 
figure  6)  show  1964  daytime  measurements  of  CIONO,  in  the  779-781 
cm  region  at  a  23  km  tangent  height  (dashed  line),  together  with 
a  synthetic  spectrum  not  including  CIONO.  (solid  line);  the  lower 
curves  gives  the  same  comparison,  but  this  time  the  synthetic 
spectrum  includes  CIONO- .  It  is  seen  that  the  inclusion  of  CIONO- 
(also  modeled  via  Massie-Goldman  coefficients),  markedly  improves^ 
the  agreement  between  observed  and  synthetic. 

At  the  current,  preliminary,  stage  of  analysis  for  N-O^ 
agreement  is  reasonable  between  the  nighttime  SIRIS  data  and  one¬ 
dimensional  model  results.  1984  data  during  the  day  do  not  show 
an  N-O.  feature,  which  is  consistent  with  a  model  prediction  of 
more^tnan  a  five-fold  decrease  from  night  to  day.  As  for  previous 
ooservations,  ATMOS  data'  indicate  a  concentration  of  1.6  ppbv  at 
35  km  at  sunrise.  For  CIONO-  the  SIRIS  data  indicate  afternoon 
mixing  ratios  of  about  1.3  ppbv  at  29  km  and  1.0  ppbv  at  22  km; 
figure  7  :•  shews  this  is  consistent  with  the  model  at  30  km,  but  in 
excess  of  the  mwdel  at  22  km.  The  apparent  disagreement  between 
theory  and  observation  suggests  that  a  re-evaluation  of  the  CIONO- 
photolysis  rate  is  warranted.  ATMOS  data^  show  concentrations  of 
about  1.3  and  0.7  ppbv  at  29  and  22.3  km,  respectively. 
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The  structural  characteristics  of  the  sodiua  layer  are  of  considerable 
interest  in  the  study  of  aesosphere  dynaaics.  Much  of  the  past  and  current 
research  of  the  sodiua  layer  have  aade  use  of  aonostatlc  lidar  aeasureaents  to 
study  these  characteristics.  An  alternate  approach  is  to  use  a  bistatic  Ildar 
configuration,  consisting  of  a  cv  laser  to  illuainate  the  sodiua  layer,  and  an 
imaging  systea  to  record  the  laser  spot  created  by  the  resonant  sodiua 
scattering.  The  basic  idea  is  to  infer  the  structural  characteristics  of  the 
layer  froa  selected  profiles  of  the  imaged  laser  spot. 

Figure  1  illustrates  a  possible  physical  setup  for  the  imaging  measureaent 
system.  The  imaged  laser  spot  will  be  elliptical  in  shape  due  to  the  finite 
thickness  of  the  sodium  layer  and  the  offset  of  the  imaging  system  from  the 
laser.  A  vertically  oriented  profile  through  the  recorded  image  (a  profile 
along  the  laser  bean  direction)  contains  information  about  the  sodiua  layer's 
vertical  structure,  while  a  horizontally  oriented  profile  (a  profile 
perpendicular  to  the  laser  bean  direction)  only  contains  information  about  the 
laser  bean's  divergence.  Figure  2  Illustrates  a  contour  plot  of  an  imaged 
laser  spot.  The  laser  spot  was  generated  by  the  University  of  Illinois  Ildar 
system  installed  at  the  Mauna  Kea  Observatory.  The  laser  spot  was  imaged  by 
the  University  of  Hawaii  2.2  meter  telescope,  located  117  a  southeast  of_the 
laser.  The  spot  dimensions  were  approximately  .41  nrad  x  70  nrad  FV  g  e~^. 

The  layer  centroid  height  was  9S.1  km  and  the  measurement  systea  was  at  an 
altitude  of  4.2  km. 

ANALYSIS 


If  we  consider  the  proposed  measurement  system  in  Figure  1,  we  can  write 
the  expected  photon  count  arriving  at  the  imaging  system  for  a  particular 
observation  angle  as  [1] 


Ng(e,t) 


.•^A^r^^eff  : 

’’“RTTOT”  i 


J(z'sin0costir,z'sin65in^) 


n^(z'cos0)dz'  ♦  Ng  (1) 


where 

_3 

n  (z)  sodium  density  at  altitude  z,  a  ; 

jfx,y)  laser  energy  cross  section  in  the  horizontal  plane  at  the 

nominal  sodiua  layer  height,  J; 

Ng  expected  photocount  due  to  background,  and  dark  counts; 

o°ff  effective  sodium  backscatter  cross  section,  a^; 
h®‘  Planck's  constant,  6.63  x  J  s; 

c  velocity  of  light,  3.  x  10®  m/s; 

X  optical  wavelength,  m;  _ 

A  receiver  aperture  area,  a^; 

ry  overall  imaging  systea  efficiency 

T^  atmospheric  transmittance 
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Equation  (1)  it  an  axpresslon  for  the  intensity  of  the  inage  at  a  particular 
point  in  the  inage  plane.  As  nentioned  abovst  the  horisontal  profiles  of  the 
inage  only  contain  infomation  about  the  laser  bean  shape.  Since  ve  are  not 
interested  in  this  infomation,  equation  (1)  can  be  sinplified  by  integrating 
over  the  horizontal  profiles  of  the  inage  (equivalent  to  integrating  over 
If  ve  assune  ve  can  vrite  J(x,y)  as  J  (x)J  (y)  and  also  assune  x  ■  z'sindcostp 
is  approxinately  equal  to  z'sinG  for  inall^variations  of  about  zero  (i.e.  for 
the  values  of  t  contributing  to  the  integral  in  equation  (1)),  the  integration 
over  qr  results  in 


M,(0) 


XA 


•eff« 


he  (4  It) 


•  J  (z'sin0) 

/  - 2 —  n^(z'cos0)dz'  ♦ 


(2) 


vhere  K  is  the  factor,  resulting  from  the  integration.  If  ve  also  assune  the 
variation  of  z'  over  the  nonzero  values  of  the  integrand  is  small  relative  to 
the  magnitude  of  z',  ve  can  replace  z'  vith  z  '  —  the  nominal  distance  from 
the  imaging  system  to  the  sodium  layer.  Using  this  last  approximation  and 
making  the  change  of  variable,  z  >  z'cos0,  equation  (2)  reduces  to 


N,<e) 


he  (4nz'^) 

S 


jjig-  J  J^(ztan0)n^(z)dz  ♦ 


(3) 


Equation  (3)  describes  a  vertical  profile  of  the  image  and  as  evident  from  the 
form,  the  profile  is  a  result  of  the  convolution  of  J  (ztan0)  vith  n  (z).  The 
profile  N.(0)  obviously  contains  information  about  the  structure  of  the  sodium 
layer  n  (z),  but  the  question  is:  Hov  can  ve  obtain  an  accurate  estimate  of 
n  (z)  from  the  measured  data  N  (0)? 
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DISCUSSION 

Since  equation  (3)  is  a  convolution  ve  can  interpret  it  using  the  concepts  of 

linear  system  theory.  In  the  folloving  discussion,  for  simplicity,  ve  ignore 

the  multiplicative  and  additive  constants  in  equation  (3).  Applying  linear 

system  concepts  to  equation  (3)  gives  the  equivalent  operation  illustrated  in 

Figure  3:  N  (0)  is  the  output  of  a  filter  having  impulse  response  J  (ztan0) 

and  input  n  (z).  The  filtering  action  distorts  the  shape  of  n  (z).  The  degree 

of  this  distortion  is  dependent  on  the  spatial  bandvldth  of  J  fztan0).  Using 

this  Interpretation  the  desirable  characteristics  of  J  (ztanEu  are  obvious.  To 

extract  n  (z)  from  N  (0)  ve  vant  J  (ztan0)  to  have  the^characteristics  of  a 

sifting  function  —  I  function  having  a  very  narrov  main  lobe  relative  to  the 

vidth  of  n  (z)  and  lov  sidelobes.  From  these  characteristics  ve  see  that  the 

vidth  of  J^(ztan0)  is  a  suitable  measure  of  the  resolution  of  the  measurement 

system.  Ideally  ve'd  like  J  (ztan0)  to  approximate  a  dirac-delta  function, 

resulting  in  virtually  no  distortion  in  the  filtering  operation  of  n  (z). 

s 

To  get  an  accurate  estimate  of  n  (z)  from  N  (0)  ve  obviously  need  high 
reiolution.  From  the  above  discussion  tvo  Approaches  to  increase  the 
measurement  resolution  are  evident.  The  first  is  by  simply  decreasing  the 
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laser  beaa  width,  thus  decreasing  the  width  of  J  (stand).  The  second  approach 
is  increasing  the  offset  distance,  D,  between  the  imaging  system  and  laser. 
Intuitively  this  approach  will  give  us  more  resolution  since  we  observe  the 
layer  from  a  less  oblique  angle.  Ha thematically  the  advantage  of  increasing  D 
is  clear  if  we  write  J^(ztane)  as  •Jj^(2tan(e^+©» ))  where  0*  is  the  observation 

angle  relative  to  6  ,  and  0  ■  tan”^(D/2  )  —  the  nominal  angle  corresponding 
to  the  center  of  the  sodiua°layer.  Thls^representation  illustrates  that  an 
increase  in  D  compresses  the  width  of  J  (stand)  with  respect  to  z.  Of  course, 
the  disadvantage  of  a  larger  offset  D  is  the  Increased  atmospheric  transmission 
and  propagation  losses  incurred. 


EXAMPLE 


If  we  assume  the  laser  beaa  has  a  Gaussian  beam  shape  we  can  write 


Jjj(ztan(0^*0')) 


J  , -(2tan(0  ♦d')  -  D)^ 

TTur  I - ^ - 


TTUr  **P 


-(z  -  D/tan(d^+0'))^ 
2(0  /tan(0^+0'))^ 


(A) 


where  o  is  the  rms  width  of  the  laser  beaa.  For  a  fixed  d  -fd*, 

J  has  a  Guassian  shape  with  mean  D/tan(d  -t.d')  and  rms  vidtR  o  /tan(d  ■fd'). 
Using  this  rms  width  as  a  measure  of  the  resolution  of  our  system  we  see  that 
the  resolution  Improves  for  a  decrease  in  o  (laser  beam  width)  and  also  for  an 
increase  in  0^  (increase  in  D). 

For  the  imaged  spot  shown  in  Figure  2,  o  >  8.08m,  D  ■  177m  and  0  >  tan~^ 

( . 117km/(9S. l-4.2)km) .  Using  these  parameters  along  with  an  assumed  Guassian 
laser  beam  shape,  gives  a  rms  width  for  J  equal  to  6.2  km.  The  actual  rms 
width  of  the  sodium  layer  for  this  particular  measurement  was  5.1  km.  Since 
the  rms  width  of  J  is  comparable  to  the  rms  width  of  the  layer  we  expect 
considerable  smearing  of  n  (z)  in  the  convolution  operation  of  equation  (3). 
Figure  4  shows  a  plot  of  the  sodium  profile  n  (z),  and  the  image  profile  N  (d) 
(note:  in  the  plot  of  N  (0)  the  horizontal  axis  has  been  converted  to  altftude 
for  comparison  purposes)?  These  plots  illustrate  the  smearing  and  loss  of 
detail  in  going  from  n  (z)  to  N  (0).  If,  for  example,  D  is  increased  to  1000 
meters  the  rms  width  Is  727^meters.  This  value  of  D  would  result  in  a 

much  higher  resolution  measurement  and  would  not  have  the  large  degree  of 
smearing  and  distortion  characteristic  of  the  profile  shown  in  Figure  4. 
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1.  Intraduetlon. 

Ths  U80  of  optical  fibres  as  transducers  Is  currently  the  subject  of 
active  research  Justified  by  the  proalse  of  sensors  able  to  offer  high 
accuracy  and  Kasurceent  bandwidth,  saull  size  and  inmnlty  fros 
interference  even  over  long  transnission  paths.  However,  single  point 
sensors  only  seldos  utilise  the  very  high  intrinsic  bandwidth  of  the 
optical  fibre  transslssion  oedius.  The  need  has  therefore  eeerged  to 
sultiplex  a  nuaber  of  sensing  elenents  onto  a  single  fibre  or  fibre  pair 
and  thus  to  fora  a  sensor  network  distributed  In  space.  This  paper  reviews 
recent  progress  In  a  partlcuiur  class  of  distributed  fibre  optic  sensors, 
based  on  the  principle  of  optical  reflectoaetry,  which  has  considerable 
siailarity  to  soae  of  the  LIDAR  aeasureaents  reported  in  the  literature. 

Perhaps  in  contrast  with  LIDAS,  the  driving  force  behind  the 
developaent  of  distributed  fibre  sensors  has  been  the  need  for  cheap, 
coapact  e^uipaent  used  in  industrial  environaents  and  with  sufficient 
projected  reliability  to  allow  regular  aonltoring  for  long  periods  without 
intervention. 

This  contribution  first  suaaarlses  the  basic  aethod  for  distributed 
optical  fibre  sensing  and  discusses  soae  of  the  l^pleaentations  with 
particular  eaphasls  on  teaperature  sensing  Including  the  perforaance  of 
near  coaaercial  systeas  and  finally  ezaalnes  the  future  prospects  for  the 
technique. 

2.  Principles  of  ref lectonetric  distributed  sensing  In  optical  fibres. 

Optical  tiae-doaain  reflectoaetry  is  a  aethod  now  in  everyday  use  in 
the  optical  coaounlculions  industry  for  the  evaluation  of  fibres,  cables 
and  installed  links.  A  short,  high  intensity  pulse  is  launched  into  the 
fibre  and  a  aeasureaent  is  node  of  its  backscatter  as  a  function  of  tiae. 
The  signal  consists  of  light  ucatleiud  during  thu  progress  of  the  pulse 
down  the  fibre  and  rn  captured  by  the  waveguide  in  the  return  direction;  it 
takes  the  following  well  known  fora  as  a  function  of  the  position  z  of  the 
scattering  eleaent  dx: 


P»(z)  >  K  Po  V.  Va  . 


S  exp  C 


i: 


-2  a  dx] 


(1) 


where  Po  is  the  power  launched,  V,  the  pulse  width,  Va  the  group  velocity. 
Here  am  and  a  are  the  scattering  and  total  losses,  respectively,  and  can 
both  be  functions  of  position  along  the  fibre.  S  is  the  capture  fraction 
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i.e  that  proportion  of  tha  scat«.orea  light  collected  by  the  optical  systea. 
Equ.  (1)  Is  very  similar  to  the  classic  LIOAK  signal  poser  expression, 
except  that  that  the  group  velocity  la  substantially  lower  than  In  air  and 
that  here  S  Is  does  not  contain  a  z  *  tera  and  Is  slaply  related  to  the 
nuaerlcal  aperture  of  the  llbiu.  The  ranga  of  a  fibre  ref lectonator  Is  thus 
largely  dominated  by  fibre  loss,  rather  than  by  the  z  *  tera. 

In  order  to  use  optical  ref lectoaetry  in  a  distributed  sensor.  It  Is 
clear  Iroa  Equ.Il)  that  the  scatter l;tg  loss  Om,  the  local  capture  fraction 
S  (which  affect  the  signal  directly)  or  the  local  fibre  attenuation  a  aust 
be  functions  of  the  quantity  to  be  measured  (and  of  nothing  else!).  Host  of 
the  results  reported  to  date  have  involved  the  aeasureaent  of  teaperature 
although  In  principle  other  nuasuruiuls  can  also  be  addressed  and  the 
detection  of  aagnetlc  fields  has  been  reported. 

3.  Perforaanca  criteria. 

The  perforaance  of  distributed  sensors  is  Judged  not  only  on  their 
accuracy,  aeasureaent  range  and  aeasureaent  tiae  but  on  the  length  of  fibre 
they  can  cover  and  their  spatial  resolution,  i.e.  their  ability  to 
distinguish  adjacent  points  In  the  fibre.  Clearly  In  a  systea  where  the 
aeasureaent  accuracy  Is  United  by  the  signal-to-noise  ratio,  the 
aeasureaent  tiae  (or  integration  tiae)  will  vary  as  the  square  of  the 
accuracy  required. 

However,  the  criteria  specific  to  distributed  sensors  also  lopact  the 
aeasureaent  llae  since,  as  t>.e  required  fibre  length  Increases,  so  too  does 
the  systea  loss  and  the  signal  to -noise  ratio  is  thus  degraded.  Slallarly 
as  the  spatial  resolution  Is  made  finer,  the  pulse  width  aust  be  reduced 
(which,  in  peak- power  Halted  systems,  reduces  the  signal  proportionately) 
and  the  ruceivet  bandwidth  must  be  increased,  which  degrades  the  system 
noise. 

There  Is  therefore  a  trade  off  between  the  various  perforaance 
criteria  and,  for  a  fixed  accuracy  in  the  aeasureaent,  the  Integration  time 
increases  rapidly  with  the  spatial  resolution  and  the  total  loss  of  the  the 
sensing  fibre. 

4.  Implonentatliins, 

(a?  aodulatioa  of  the  fibre  Joss.  According  to  (1),  if  the  loss  of  the 
fibre  varies  with  the  aeasurand  of  Interest,  this  should  be  detectable  by 
ref lectoaetry.  This  has  been  demonstrated  by  inserting  thin  colour  glass 
filters  at  selected  positions  in  the  fibre  and  more  recently  (11  in  fibies 
doped  with  rare-  earth  Ions,  providing  a  sensitivity  of  loss  to  temperature 
via  the  shift  of  absorption  bands  with  tei^^erature.  In  either  case,  the 
effect  of  the  temperature  on  loss  may  be  separated  from  other  causes  by 
referencing  the  aeasureaent  to  another  wavelength  at  which  the  loss 
Insensitive  to  teaperature. 

The  main  drawback  of  these  approaches  Is  that  the  number  of  sensing 
points  is  limited  by  attenuation  Induced  directly  by  the  aeasurand:  If  the 
fibre  lu  sensitive,  Its  loss  will  sometimes  be  high,  which  will  then  leave 
little  power  to  probe  the  following  point.  In  practice  approximately  10 
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hot-spots  can  bo  atasurtd  slaultaaeously.  which  could  bo  oufflcloat  la  a 
auaber  of  applicatioas. 

la  other  cases  it  is  desirable  to  use  approaches  which  do  aot  require 
the  fibre  loss  to  be  high;  this  is  case  wbea  the  scatter lag  loss,  the 
capture  fractloa  or  the  polarisatioa  of  the  light  is  sodulated. 

fb}  polarisation  e//ects.  la  siagle-aode  fibres,  the  backscatter  slgaal 
carries  laforaatioa  on  the  ovolutlon  uf  the  state  of  polarisatioa  to  the 
scatteriag  poiat  and  back(2].  This  approach  has  been  usedOl  to  detect 
BBgnetic  fields  via  the  Faraday  effect  but  never  taken  such  beyond 
desonstration  owing  to  considerable  difficulties  in  separating  the 
inforsation  of  Interest  fros  a  nusbor  of  spurious  effects  which  sask  the 
desired  signal. 

{c>  modulation  of  tha  scattering  lass.  The  first  distributed  fibre 
tesperature  sensorttl  to  be  desonstrated  used  a  special  fibre  having  a 
liquid  core.  In  the  core.  Increasing  temperature  results  In  greater 
solacular  agitation  and  thus  in  a  larger  scattering  coefficient,  the 
sensitivity  of  the  scattered  signal  being  of  order  0.5%/  K.  This  resulted 
in  a  distributed  temperature  sensor  able  to  resolve  around  0. 1  K  over  lOOm 
with  a  spatial  resolution  of  2.5n  after  averaging  1000  pulses;  similarly  a 
resolution  of  1  K,  with  Im  spatial  resolution  over  lOOm  of  fibre  were 
achievable  with  1000  pulses,  a  measurement  tine  well  below  Is. 

This  performance  is  still  the  best  that  has  been  reported  but  the 
approach  is  out  of  favour  since  liquid-filled  fibres  are  iuconvenient  to 
work  with,  have  limltud  temperature  range  and  unproved  lifetimes.  The 
sensitivity  of  the  scattered  signal  to  temperature  in  glasses  is  orders  of 
magnitude  lower  and  different  means  are  thus  required  for  solid  fibres. 

<d)  Inelastic  scattering. The  scattering  coefficient  in  optical  fibres  is 
caused  principally  by  Rayleigh  scattering  and  is  attributable  to  density 
and  composition  fluctuations  frozen-in  to  the  material  in  the  drawing 
process.  This  type  of  scattering  is  largely  independent  of  ambient 
tesperature  provided  that  the  thermo-optic  coefficients  of  the  fibre 
constituents  are  are  similar.  There  is  however  a  small  contribution  to  the 
scattered  power  from  Raman  and  Brlllouln  spectral  lines  which  originate  in 
thermally  driven  molecular  and  bulk  vibrations,  respectively.  The  intensity 
of  these  spectral  lines  is  temperature  sensitive  and  the  finite  sensitivity 
of  the  total  scattered  signal  in  solid  fibres  is  largely  attributable  to 
the  contribution  of  Drillouin  scattering.  By  selecting  only  one  of  these 
parts  of  the  scattered  light  spectrum  the  sensitivity  of  the  measured 
signal  to  temperature  can  be  greatly  enhanced. 

In  practice,  the  Brlllouln  lines  are  shifted  by  only  a  few  tens  of  GHz 
from  the  incident  radiation  frequency.  This  puts  demands  on  the  linewidth 
and  frequency  stability  source  and  filter  which  are  presently  incompatible 
with  the  use  of  semiconductor  lasers  which  are  prefered  for  their  small 
size,  cost  and  reliability.  In  contrast,  the  Raman  spectrum  is  well 
separated  from  the  incident  wavelength  and  can  be  readily  separated  by 
means  of  standard  optical  filters.  Unlike  that  of  free  atoms  and  molecules, 
the  Raman  spectrum  of  high- silica  glasses  consists  of  very  broad  bands  with 
a  200ca  '  wide  band  centered  around  440cn~’.  Some  of  the  details  which  can 
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b«  used  la  Raaaa  LIDAR  ara  thus  lost  to  us  la  glassss.  Rowavsr  tha 
iaforsatloa  Is  sufflclaat  to  obtala  tha  ta^wratura  dlstrlbutloa  along  tha 
libr«(5.6)  and  to  allalnata  spurious  affacts  causad.  for  axa^>la,  by  flbra 
attenuatloaldl . 

This  approach  provldas  a  practical  solutloa  to  a  auabar  of  Btasurasaat 
problaos  and  Instrusaats  ara  becoslng  coanrelally  avallabla  which  ara  abla 
to  aeasura  sora  than  1  ks  of  fibre  with  a  spatial  resolution  between  5  and 
10a.  taaparatura  noise  of  1  K  rns  all  in  a  oaasureaant  tlaa  of  a  few 
seconds.  This  davlca  uses  standard  telecoaaunlcatlon  flbra.  which  Is 
readily  available  and  relatively  Inexpensive. 

fuLura  proapecta. 

The  parloraanca  of  existing  distributed  flbra-optlc  teaperatura 
sensors,  sufficient  for  a  nuaber  of  applications,  falls  short  of  the 
requlreaents  for  aany  others.  In  particular,  tha  spatial  resolution  will 
need  to  be  iaproved  for  aany  industrial  applications  and  work  Is 
progressing  In  this  area.  Eventually,  this  will  Involve  the  developaent  or 
adaptation  of  sore  suitable  sources,  refineaents  of  the  electronics  and 
possibly  of  the  fibre  itself.  1*.  is  expected  that  a  spatial  resolution  of 
la,  over  Ika  of  fibre,  with  IK  accuracy  and  aeasuraaent  tlaes  of  a  few 
seconds  will  appear  In  the  near  future.  Conversely,  other  applications, 
such  as  pipeline  aonitorlng  will  dcaand  extreae  range  and  it  Is  projected 
that  systeas  spanning  about  20ka  of  fibre  should  be  achievable  without 
unduly  sacrificing  perforaance  In  other  respects.  Progress  Is  also  expected 
in  the  methods  used  for  processing  the  signals;  for  exaaple  beyond  a 
spatial  resolution  of  la  or  so,  aeasureaent  la  the  frequency  doaaln  aay 
offer  useful  perforaance  advantages. 

In  the  longer  tera,  attention  will  turn  to  the  aeasureaent  of  other 
physical  parancters  and  this  will  aloost  certainly  Involve  the  developaent 
of  special  fibres  with  tailored  sensitivity. 
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SUMMARY 

Introduction . - 

This  work  is  based  on  a  preliminary  experimental  research 
made  by  researchers  of  JRC-lspra*  accordin^  to  r*hich  an 
airborne  fluorosensor  system,  able  to  Jointly  perform  a  time  and 
spectral  analysis  of  oil  fluorescence,  is  useful  for  the 
detection  and  the  characterisation  of  oil  spills  on  the  sea 
surface.  They  hav'e  demonstrated  that  while  spectral  analysis 
alone  can  hardly  enable  to  distinguish  between  two  oils  of  the 
same  class  (for  example  two  crude  oils).  the  time-spectral 
analysis  can  easily  discriminate  between  two  oils  with  nearly 
the  same  spectral  nattern. 

On  thes.'  premises  CISE  labs  have  oeen  asked  by  JCK-lspra  to 
design^  and  construct  a  fluorosensor  system  fulfilling  the 
following  specifications: 

-  time  range  :  30  -  75  ns 

-  time  resolution  :  1  ns 

-  spectral  range  :  350  -  760  nm 

-  spectral  resolution  :  10  nm. 

The  above  specifications  have  required  a  great  engineering 
effort  in  designing  a  short  pulse  reliable  laser  source  and  a 
streaK  camera  based  detector. 
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Laser  System.- 

The  laser  source  consists  of  a  Nd-YAG  laser,  able  to 
produce  about  120  aJ  energy  pulses  at  1060  na  with  a  10  Hz 
repetition  rate.  The  emission  at  the  third  harmonic  at  3SS  na  is 
30  aJ,  with  pulse  duration  less  than  1  ns.  The  laser  utilizes  a 
single  oscillator  configuration,  with  a  new  type  of  resonator 
named  SPUR  (Self  Filtering  Unstable  Resonator)^.  The  SPUR  is  a 
Negative  Branch  Unstable  Resonator  (NBUR)  with  a  suitable  saall 
aperture  placed  in  the  intracavity  focal  plane,  acting  as  a  low- 
pass  spatial  filter.  Short  pulse  laser  emission  is  achieved  by 
means  of  active  mode  locking  with  an  acousto-optic  modulator. 
This  device  is  able  to  give  a  single  transverse,  diffraction 
limited  mode,  providing  good  beam  divergence  and  good  pointing 
stability.  SPUR  is  also  more  insensitive  to  misalignment,  in 
comparison  with  other  types  of  unstable  resonator,  and  this 
property  is  very  important  for  an  airborne  system. 

In  addition  to  the  emission  at  355  nm,  useful  for  oil 
detection,  the  Nd-YAG  laser  can  provide  an  auxiliary  emission  at 
532  nm  useful  for  chlorophylls  excitation. 

Detection  System. - 

Streak  cameras  are  currently  used  for  the  analysis  of  fast 
optical  phenomena,  with  resolution  up  to  1  ps:  however,  their 
two-dimensional  patterns  have  been  fully  utilized  in  a  few 
spectroscopic  applications.  In  these  cases  the  streak  cathode  is 
coupled  to  the  output  of  a  polychromator ,  so  that  one  streak 
axis  becomes  the  spectral  axis,  orthogonal  to  the  time  axis. 

The  return  signal  consists  of  the  backscattering  at  laser 
wavelength  from  the  water  surface  and  the  bulk  water,  of  the 
water  Raman  signal  (at  400  nm)  and  of  the  fluorescence  signal  of 
oil  and  of  suspended  organic  materials. 
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The  signal  is  collected  by  the  receiver  optics  consisting 
of  a  30  CB  newtonian  telescope  and  is  sent,  through  a  0.4  sus 
diameter  fiber  optic,  into  a  polychroaator .  The  fiber  provides 
an  optical  delay  for  the  optical  signal,  this  delay  is  required 
because  the  streak  camera  must  be  triggered  a  few  nanosecond 
prior  to  event.  The  streak  camera  signal  is  then  intensified  by 
an  image  intensifier  directly  coupled  bo  the  streak  camera 
phosphor  and  is  digitized  by  using  a  CCD  read-out  system.  The 
digitized  signal  is  transmitted  to  a  Microvax  11  computer  as  a 
matrix  of  about  40  spectral  channels  by  90  time  channels,  and 
stored  on  a  70  Mbytes  disk  for  subsequent  analysis. 

System  specifications.- 

The  performances  of  the  system  arc  below  summarized.  The 
total  power  consumption  is  expected  to  be  about  2  Kwatt,  the 
total  weight,  about  .100  Kg.  The  system  will  be  operational  at  the 
end  of  1987. 

The  specifications  of  the  optical  subsystem  arc: 

Laser  type:  Nd-YAG 

Kroission  Wavelength:  355  and  532  nm 
Energy:  .'’0  mJ 
Pulse  dur.'ition:  I  ns 
Repetition  rate  :  10  Hz 

feiescope  type:  10  cm  diameter,  newtonian 
Telescope  focal  length:  85  cm 
Telescope  field  of  view:  0.45  mr 
Receiver  spectral  range:  350-760  nm 
Number  of  spectral  channels:  40 
Polychromator  resolution:  10  nm 
Receiver  optical  efficiency:  20X 
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Th«  specifications  of  the  detection  subsysten  sre: 

Tenpornl  ranges:  30->7S  ns 
Teaporal  resolution:  1  ns 
Dynamic  range:  1000 
Computer  system:  Microvax  II 
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SiBultanaous  Ntasurcacnts  of  Ocoan  Surfaca  Roughnaas  and  Ataoapharic 
Pcattura  with  a  ca  Raaolution  Two-Color  Lasar  Altinatar 
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Jan  P.  NcGarry 

NASA  -  Goddard  Spaca  Plight  Cantar 
Znstruaant  Elactro-Optics  Branch 
Graanbalt  MD  20771 
Hay  1987 

Sunaary: 

Gardnar  has  proposed  a  tachnique  for  aaasuring  both  atnospharic 
prassura  (1]  and  ocean  surface  roughness  [2]  by  using  a  short  pulse 
two-color  lasar  altimeter.  Two  sets  of  airborne  altineter  neasuraaents 
have  been  performed  using  this  technique,  both  of  which  utilised 
<  100  psec  wide  modelocked  laser  pulses.  The  impulse  response  of 
the  initial  PHT-based  altimeter  receiver  was  800  psec  [3],  while  that 
of  the  later  streak  camera-based  receiver  was  85  psec  (4].  Zn  the 
first  airborne  tests,  the  atmospheric  pressure  accuracies  of  the 
high  resolution  altimeter  were  3-7  abar  [4]. 

The  transmitter  of  the  high  resolution  altimeter  is  a  passively  dye 
modelocked  ND:YAG  lasar,  which  simultaneously  emits  50  psec  wide 
pulses  at  532  nm  and  30  psec  wide  pulses  at  355  nm  at  a  4  pps  rate. 

The  tine-resolved  laser  backscatter  from  the  ocean  surface  at  both 
532  and  355  nm  is  collected  by  a  36  ca  diameter  f/12  telescope  mounted 
in  a  bistatic  nadir-viewing  configuration  and  is  recorded  by  a  dual¬ 
channel  streak  camera  detector.  When  integrated  into  the  altimeter 
receiver,  the  streak  camera  has  a  85  psec  impulse  response  and  a  5 
psec  sampling  time.  Waveform  and  100  psec  accuracy  range  data  are 
stored  onto  the  system's  LSZ  11/23  computer's  floppy  disk  at  a  1  pps 
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r«t«.  Th«  of  tho  systoa  configuration  are  liatad  in  Table  1. 

Son#  data  from  tha  ground-baaad  altimatar  calibration  tasta  have  baan 
recently  publiahad  (51. 

During  tha  April  1985  tact  flight  of  tha  altinetar,  data  waa 
collected  at  324 «  464  and  658  ■  altitudac.  Tha  Lockhaad-Blactra 
aircraft  travarcad  a  dog-lag  flight  path  at  100  n/aac  fron  near 
Poconoka  Sound,  wall  within  tha  Chaaapaaka  Bay,  to  Capa  Henry  VA  on  a 
SSW  heading  and  out  over  tha  open  Atlantic  Ocean  on  a  SB  heading.  Thia 
flight  line  waa  aalectad  to  pace  near  four  in-citu  National  Weather 
Service  aanaora,  which  recorded  both  wind  direction  and  apaad  near 
tha  flight  line,  aa  wallaa  average  ocean  wave  height  at  tha  Cheaa- 
paaka  Light  off  Capa  Henry.  Tha  data  fron  theca  are  liatad  in  Table  2. 

Tha  1800  dual  wavelength  altimeter  waveforaa  have  now  been  analyzed 
to  examine  their  dependence  on  ocean  aurface  conditiona.  The  waveforaa 
at  all  altitudea  and  locations  retained  aharp-high  bandwidth  features 
consistent  with  specular  reflection  from  capillary  wavelets  on  the 
ocean  surface.  The  data  analysis  shows  consistently  high  (0.9) 
correlations  between  the  532  and  355  na  waveforms,  although  tho 
correlation  decreased  for  the  roughest  ocean  water.  The  altimeter 
received  pulse  energies  decreased  by  a  factor  of  3  in  a  nearly 
aonotonic  fashion  as  the  flightline  traversed  the  upper  to  lower 
Chesapeake  Bay  and  out  over  the  open  Atlantic  Ocean.  The  ras  bandwidth 
as  well  as  the  -10  dB  and  -20  dB  bandwidths  all  decreased  by  '  50% 
from  3,  7.5,  and  11  GHz  respectively  over  the  same  flight  line.  Such 
variations  are  all  consistent  with  the  ocean  surface  scattering  theory, 
which  predicts  less  backscattered  pulse  energy  and  more  pulse 
broadening  from  the  rougher  ocean  surfaces. 
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T«bl«  1  -  SyatM  Paraa«t«rs  >  4/03/85  Plight 


Lasart  Quantal  yG40  -  Pasaivaly  aodaloekad  MD:YAG 

Pulaa  wldthas  50  paac  f  532  na,  30  paac  f  355  na 
Pulaa  anargiaa:  0.3  aJ  f  532  na,  0.5  aJ  f  355  na 

Laaar  Oivarganeat  Elliptical,  2.8  arad  by  1.3  arad  f  10%  points 

532  and  355  na  baaas  coalignad  within  10% 

Talascopa:  Calastcon  14  -  36  ca  diaaatar  Sehaidt  Cassagrain 
Araa  ■  0.091  sq.  aatars 

Mirrors:  CVX  Lasar  Doubla  Stack  Dialactric,  Max  R  8  355  and  532  na 

Trigger  PNT:  Haaaaatsu  R1294U,  Dual  NCP  6 

QB«  4%  8  532  na.  Gain  >  1.3  x  10 

Optical  Delay:  8  pass  White  Call,  40  nsec  total 

Streak  Caaera:  Haaaaatsu  C1370,  5  psac/channal  at  swaap-2  setting 
Zapulse  response  *  85  psac  in  systaa 

Streak  Caaera  Readout:  Haaaaatsu  C1098,  Dual  Channel,  DMA  Interface 

Discriainator:  Ortec  934 

TZU:  HP  5370A,  100  psec  accuracy 

Coaputer:  DEC  LSZ  11/23  with  Dual  Floppy  Disks 


Table  2  >  National  Weather  Service  Coastal  Reports 

for  4/03/85 


Wind  Direction  and  Speed  (aph) 


Location 

4:00  pa 

6:55  pa 

10:35  pa 

Tangier  Island 

S23 

S15 

NNB23 

Cape  Henry 

SW14 

SW15 

SW15 

South  Island,  BE  Tunnel 

WSW12 

SW12 

SW12 

Chesapeake  Light  (CL) 

SSW22 

SSW15 

SW25 

CL  Ave  Wave  Height  (ft) 

1.5 

1.5 

3.0 

CL  Air  Teap  (deg.  F) 

54 

57 

55 
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Science  Systems  Application  Inc. 
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Reinout  Boers 
University  of  Maryland 
College  Park,  MO  20742 


1.  Introduction 

The  distribution  of  liquid  water  at  the  top  of  clouds  has  an 
important  relation  to  the  radiative  and  dynamical  interactions 
within  clouds.  As  a  significant  example,  the  forauition  and 
structure  of  marine  stratus  clouds  are  maintained  primarily  by 
radiative  cooling  at  the  cloud  top.  Understanding  the  formation 
of  marine  stratus  is  important  climatalogically  since  the  cloud 
type  1  IS  a  significant  global  influence  on  the  balance  between 
reflected  visible  and  emitted  thermal  radiation.  Models  have 
shown  that  the  interaction  between  radiative  cooling  and  the 
cloud  development  are  largley  a  function  of  the  distribution  of 
the  liquid  water  at  the  cloud  top.  Although  liquid  water  may  be 
obtained  from  in  situ  measurements,  only  one  dimensional 
observations  are  possible.  Lidar  liquid  water  observatios  can 
provide  a  more  complete  two  dimentional  representation  of  the 
liquid  water  structure  of  cloud  tops.  In  this  contribution  we 
will  describe  the  lidar  retrieval  of  cloud  top  liquid  water 
during  an  experiment  in  which  marine  stratus  clouds  were  studied 
by  combined  remote  sensing  and  in  situ  observations. 

2.  Experimental 

In  September  1983  marine  stratus  clouds  off  the  California 
coast  were  overflo%im  by  the  NASA  ER-2  aircraft.  On  board  instru* 
mentation  included  the  cloud  and  aerosol  lidar  system  (Spinhirne 
et  al,  1983)  and  several  passive  sensors.  The  basic  parameters 
of  the  lidar  system  are  a  30  mJ  doubled  Nd:YAG  laser,  a  IS  cm 
receiver,  logarithmic  signal  compression  and  20  mHz  signal  digi¬ 
tization.  The  ER’2  overflights  were  directly  coordinated  by  in 
situ  cloud  physics  measurements  obtained  by  the  University  of 
Wyoming  King  Air  aircraft.  The  in  situ  observations  included  PMS 
probe  droplet  size  ditributions  and  liquid  water  from  a  Johnson 
Williams  instrument.  During  the  flight  missions  the  two  aircraft 
maintained  a  single  racetrack  flight  pattern  of  120  km  length  and 
20  km  separation  for  a  period  of  several  hours  in  order  to 
develop  a  statistical  comparison  between  in  situ  and  remote 
observations.  An  example  of  the  lidar  return  data  along  a  short 
segment  of  one  flight  line  is  sho«im  in  the  first  figure. 
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3.  Liquid  W«t«r  Retrieval 

There  are  two  main  steps  to  the  procedure  by  which  cloud  top 
liquid  water  is  computed  from  the  lidar  return  data.  First  the 
li^r  return  signal  must  be  corrected  for  attenuation  in  order  to 
derive  the  backscatter  cross  section  for  the  cloud  top  within  the 
effective  range  of  the  signal  return.  Second  the  backscatter 
must  be  related  to  the  liquid  %»ater  content.  The  scattering 
cross  section  is  obtained  from  a  solution  of  the  lidar 
return  equation.  The  liquid  water  is  derived  from  the  scattering 
cross  section  through  application  of  a  model  based  on  the 
available  in  situ  particle  measurements.  The  lidar  signal 
solution  involves  the  standard  solution  equation  based  on  a 
constant  value  of  ratio  of  the  extinction  to  backscatter  cross 
section.  The  constant  ratio  assumption  may  be  applied  in  the 
case  of  water  clouds  since  as  shown  by  Pinnick  et  al  (1983)  the 
value  is  insensitive  to  the  droplet  size  distribution  although 
consideration  must  be  given  to  muliple  scattering.  The  value  of 
the  effective  extinction  to  backscatter  cross  section  to  be  used 
for  the  solution  is  derived  from  analysis  of  the  integrated  pulse 
reflection  from  the  cloud  as  a  function  of  increasing  optical 
thickness.  The  effective  backscatter  to  extinction  ratio  is 
twice  the  limiting  value  of  the  integrated  backsatter  as  optical 
thickness  tends  toward  infinity  (Platt.  1979). 
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To  a  first  approximation  tha  ratio  batwaan  tha  liquid  watar 
eontant  and  tha  cloud  scattaring  coafficiant  is  proportional  to 
tha  droplat  moda  radius.  A  mora  accurata  ralation  givan  by 
Pinnick  which  involves  tha  second  and  third  moment  of  tha  size 
distribution  was  applied  to  relate  tha  liquid  water  to  tha  lidar 
backscattar  cross  section.  A  parameterization  of  tha  vertical 
profile  of  the  size  distribution  parameters  was  developed  from  in 
situ  measurements  and  applied  for  tha  cloud  top  liquid  watar 
calculation.  Tha  parameterization  is  raprasantad  by  tha  linear 
fit  as  shown  in  the  second  figure. 

4.  Results 

An  example  of  the  derived  liquid  water  is  given  in  tha  third 
figure  for  a  segment  of  one  flight  line.  The  data  case  was 
characterized  by  broken  cloud  cells  which  were  associated  with 
greater  than  normal  wind  shear  across  the  cloud  top  inversion.  In 
addition  to  the  two  dimensional  liquid  water  retrieval  from  tha 
lidar  data,  the  third  figure  also  shows  the  flight  track  and 
measurements  of  the  in  situ  aircraft  at  the  observation  time. 
Althougth  a  direct  comparison  is  influenced  by  the  approximately 
one  kilometer  uncertainty  in  the  aircraft  navigation,  a  general 
correlation  between  the  in  situ  and  remote  observation  is  seen. 

In  order  to  judge  the  validity  of  the  lidar  liquid  water 
retrieval,  the  average  values  from  the  lidar  and  the  JW  probe 
along  a  series  of  flight  lines  for  the  in  situ  aircraft  were 
compared.  The  results  Indicated  that  the  two  different  liquid 
water  observations  agreed  well  within  the  measurement  variance. 

An  Important  aspect  ofthe  lidar  liquid  water  retrievals  is 
the  depth  of  cloud  for  which  a  result  may  be  obtained.  The  depth 

WATER  CONCENTRATION  IG/M3) 


RATIO  iiun) 

Fig.  2.  Average  result  from  in  situ  measurements  for  the 
marine  stratus  observations. 


149 


TuB5-4 


is  lialtsd  in  practics  by  th«  incrsass  of  signal  noisa  dua  to 
attanuation  and  tha  arror  of  tha  attanviation  corraction  with 
incraasing  optical  thicknass.  As  a  rasult ,  tha  lidar  ratriaval 
was  linitad  to  a  cloud  top  optical  thicknass  of  1.5.  In  tha 
third  figura  tha  1.5  optical  dapth  Halt  is  indicatad  by  tha 
dalation  of  tha  lowar  contour  boundary.  As  aay  ba  saan,  in  aost 
instancas  tha  affactiva  optical  thicknass  of  tha  Mrina  stratus 
clouds  ara  lass  than  tha  Halt  valua. 

5.  Conclusion 

Cloud  top  lidar  observations  may  be  combined  with  in  situ 
cloud  particle  maasuramant  to  provide  a  more  complete  two  diaan* 
sional  structure  of  tha  cloud  top  liquid  water  distribution. 
Independent  visible  wavelength  lidar  observation  of  cloud  top 
liquid  water  is  possible  if  a  modal  of  tha  droplet  size  distri* 
bution  parameters  may  ba  applied.  The  primary  uncertainty  of  tha 
lidar  liquid  water  retrievals  results  from  inaccuracy  of  tha 
droplet  distribution  parameters. 
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Fig.  3.  Calculated  liquid  water  distribution  from  lidar 
data  and  corresponding  in  situ  maasuramants. 
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▲dTitto«s  In  Qna-innlysara  Basad  on  IR  Molaoular  Laaera 
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High  oparation  and  power  eharaotariatioa  of  GO^  laaara  atl- 
pulata  thalr  wida  application  in  abaorption  gaa-analjsara 
and  lidara  [1j •  On  tha  other  handt  the  gaa-analysar  posalbili- 
tiaa  are  limited  bj  thalr  narrow  spectral  amiaaion  range.  The 
molecular  GO,  NH^,  HP,  HBr  lasers  generating  in  different  IR 
regions  do  not  compensate  for  this  diaadrantage  by  different 
reasons. 

Ws  think  the  ef  fee  tire  non  threshold  parametrio  OC^  and 
GO  lasers  frequency  converters  (PC)  wi^  the  SnQeiP2  ond 
CdGeAs2  monocrystala  developed  can  iflg>rove  this  situation  [2]. 

The  main  IR  atmospheric  transmission  windows  can  be  over- 
l^ped,  and  the  concentrations  of  many  atmospheric  gas  cooq>o- 
nenta,  including  different  pollutants,  can  be  measured  (Pig. 

1  a)  using  these  PC.  Qie  spectral  trensmission  regions  of 
ZnGeP2  end  CdGsAs2  sigipleinent  each  other,  Pig.  1  b.  In  fact, 
all  the  main  atmospheric  transmission  windows  can  be  over¬ 
lapped  by  frequency  transformed  radiation  of  a  single  CO  2  la¬ 
ser  using  two-cascade  PC  of  its  self-radiation  and  second 
harmonic  (SH).  A  fine  "tooth-comb"  spectrum  overlapping  is 
observed  when  using  two  GO 2  lasers  or  one  two-fTequency  laser. 
She  mizlng  of  CO 2  and  CO  lasers  radiations  is  of  interest 
here. 

Table  1  presents  some  coincidences  of  CO  2  laser  SH  fre¬ 
quencies  with  the  atmospheric  gas  absorption  lines.  Ye  re¬ 
ported  [3]  CO  concentration  measiurements  with  a  mobile  trace 
gas  analyaer  equipped  with  a  frequency-doubled  00 2  laser.  The 
00  concentration  sensitivity  was  4  ppb  at  a  2  km  path.  Table 

2  shows  possible  frequency  combinations  of  two  CO  2  lasers 
for  obtaining  sun  frequeacy  •¥  ^2  coinciding  with  the 
GO  Rfl8)  sbsorption  line  center.  The  nxaid>er  of  reference  fre- 


152 


2  4*  6  B  10  12  n  IS 

Flg«  1.  Xba  transolaslon  apactrum  T  of  tba  slfflulatad  atnioa- 
phara  for  a  1  In  ground  path,  tha  cantara  location 
and  Intanaitiaa  of  tha  gaa  abaorptlon  banda*  !Dia  ra- 
giona  of  ganaration  (PH)  of  CO  and  00^  (ahadad)  la- 
aara  and  thalr  aacond  (SH)  ,  third  (1H)  and  fourth(FH) 
harmonica,  aum  (+)  and  diffaranca  (-)  fraquanciaa  of 
^2  radiation  and  ita  SH*  Balow  ara  tha  trnna 

niaaion  apactra  of  ZnOaP^Cl)  and  CdGaAa^  at  30QK(2) 
and  80  K  (3) . 
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Table  1*  Coincideace  of  00^  laser  SH  froqueneles  with 
abeorptlon  lines 


D 

S^,  om/mol 

0 

A  qt  line 
cm  ' 

Osh,  cm"^ 

line 

number 

m 

S9I 

m 

1847.734 

[847.794 

a 

626 

0.0099 

o6 

2154.596 

9Pr8 

626 

0.0091 

2196.669 

2196.635 

9F22 

828 

fiO 

(2)2.29x10*^ 

I929.03I 

[929.041 

626 

OCS 

5.79x10’^^ 

2068.888 

626 

0.0029 

quency  cooibtnationa  resulting  in  over  lap  ing  with  the  absorp- 
tloa  line  can  reach  100*  Thtis  the  radiation  sources  develo¬ 
ped  are  not  worse  than  those  of  continuously  tuning  lasers 
when  studying  the  atmospheric  ground  layer. 


Table  2.  Sie  S9  radiations  coincidence  with  the  .8(18) 
CO  absorption  line  at  2154.396  cm*^ 


Iso¬ 

tope 

Line 

numbei 

cm-^ 

'^2, 

Line 

nuoibex 

Iso¬ 

tope 

c.-’ 

aAj  cm*^ 

626 

P62 

mm 

1064.9156 

P7 

626 

2154. 6117 

0.0157 

626 

P62 

[095,6664 

1068.9488 

P6 

626 

2I54.6I5I 

0.0I9I 

626 

PI8 

1077.3026 

Pie 

626 

2154.6061 

0.0091 

626 

HQ 

1106.9425 

P36 

828 

2164.6034 

0.0074 

828 

P44 

1044.70^ 

F2B 

838 

2154.5866 

0.0102 

828 

P26 

1054.0143 

P38 

828 

2154.6069 

0.0109 

A  block-diagram  of  the  modernized  gas  analyzer  inclt^cs 
low-pressure  two  frequency- tuned  GO^  and  one  CO  lasers  and  a 
set  of  ZnGeP2  *  The  gas  analyzer  ia  ful¬ 

ly  automatized.  The  gas  analyzer  is  provided  for  with  the 
possibility  of  measurements  at  10^1-10^0  and  00^2-10^1  bands 
of  CO 2  laser  radiation.  The  set  of  FC  includes  SHG  of  these 
radiation  bands  and  SFG  which  operate  according  to  the  block- 
diagram  of  Fig. 2. 

The  resttlts  of  simulated  estimation  were  supported  by 
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J?lg.  2«  A  block-diagram  of  frequency  conyerter 
of  the  CO^-laaer  radiation  bands  10® 1- 
-10®0  and^0®2-10®l:  1  is  a  diffraction 
grating,  2  is  a  discharge  tube;  3*4  and 
11  are  the  100%  mirrors,  5  and  7  are  the 
focused  and  collimated  lenses,  6  is  ^GeP., 
8, and  9  is  a  tso-element  filter,  ^ 

£p  3  are  the  electric-field  intenszly^yeo- 
tofB  of  the  4*3  urn,  10*4  um  radiations, 
tbeir  SH  and  S?  radiation. 

field  measurements  of  the  multicomponent  real  atmosphere  and 

demonstrated  high-operational  characteristics  both  of  PC  de- 

reloped  and  the  entire  measurement  complex. 
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i  Simple  Optical  Method  of  Simultaneous  Measurement  of 
Charaotexlstio  Scales  and  Intensity  of  Atmospheric 
Tuxhulenoe 

A«F«  Zhukov  and  T.V •Nosov 

Institute  of  Atmospheric  Optics  SB  USSB  Academy  of  Sciences » 
Tomsk,  634035t  n.S.S.R. 

For  solving  a  large  number  of  problems  on  optical  radi¬ 
ation  propagation  in  the  atmosphere  the  atmospheric  turbu¬ 
lent  characteristics  should  be  determined.  There  are  the 

inner  and  outer  Z.  scales  of  turbulence,  structural 

0  o  ml 

characteristics  of  fluctuations  of  the  refractive  index  C/f 

The  value  of  determines  the  turbulence  intensity*  All 
these  characteristics  are  the  parameters  in  the  spatial  spe¬ 
ctral  density  The  function  is  given  as  [1,2] 

A^o.oa 

where  In  the  inertial  subrange 

)  the  model  (1)  coincides  with  the  Kolmogo¬ 
rov  spectrum  of  turbulence. 

At  present  a  great  number  of  optical  methods  of  measu¬ 
ring  the  parameters  Cn^^o  is  known  [2 1.  In  this  ease 
a  separate  optical  unit  for  determining  a  single  parameter 
was  used.  A  laser  serves  as  a  radiation  source  in  this 
unit.  For  simultaneous  measurements  of  the  parameters  €„  , 

Sg  ,  Xg  the  corresponding  number  of  separate  units  must 
be  used.  However,  it  is  more  comfortable,  economical  and 
reliable  to  use  one  unit  baaed  on  application  of  simple 
technology  of  reception  and  processing  of  an  optical  sig¬ 
nal.  An  ine3q>enalve  and  reliable  in  operation  thermal  (in¬ 
coherent)  source  is  preferable  for  the  use  as  a  light  so¬ 
urce  in  such  a  tuilt. 

The  paper  presents  a  simple  optical  method  for  simulta¬ 
neous  measxirement  of  the  parameters  Cn  %  %  Lo  •  The  the¬ 

rmal  light  source  with  the  wavelength  ^  and  the  effective 
radius  a  is  used.  The  optical  radiation  propagated 
through  the  tubulent  atmospheric  path  X  is  received  with 
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(2) 


a  eonvantional  optical  recelvar*  The  radlua  of  the  recei¬ 
ving  telescope  lens  is  «  the  focal  distance  is  7*  A  de¬ 
vice  for  separating  the  received  light  flux  into  four  iden¬ 
tical  beams  (for  exaiq>le,  a  combination  of  semitransparent 
prisms)  is  located  on  the  optical  axis  of  the  receiver.  In 
every  beam  (in  a  focal  plane)  a  common  quadratic  photore¬ 
ceiver  (photorecelvers  are  identical)  is  placed*  Before 
the  photorecelvers  the  matrices  (trazisparencles)  are  loca¬ 
ted*  The  matrices  have  the  given  transmission  coefficients 
of  radiation  intensity  Vn  (  &  is  the  number  of  the  beam, 
n  s  0,  1,  2,  3)1 

Here  y  ,  2  are  the  lateral  coordinates  in  focal  plane 
(  y  is  the  vertical,  2  is  the  horizontal  axis), yd  ,  ^  , 
o(  t  h  the  given  constants,  is  the  halfwidth  of 
slit  diaphragm  fj  • 

The  current  at  the  photoreceiver  output  in  the  chazmel 
(  n  a  0,  1,  2,  3  )  is  denoted  by  4/^*  At  the  photoreceiver 
output  the  mean  (in  time)  values  <^^>,  <^j>, 

are  measured  using  an  averaging  device* 

When  using  the  results  of  the  wave  propagation  theory 
in  the  turbulent  atmosphere  [1,2]  one  can  theoretically 
estimate  the  relation  between  the  signals  measured  and 
the  parameters  ^  ^  ^  •  In  this  case,  we  should  ta¬ 
ke  into  account  that  the  values  and [/•<'] 

strongly  depend  on  ^  and  Cn  ,  respectively*  For 

a  horizontal  homogeneous  path  whose  mean  altitude  above 
the  underlying  surface  H  satisfies  the  condition  20 
we  obtain 

'!  <‘^ 


ri  O.S? 


e„ 


f/e 
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.  .  F^al.  l  27i 

irti«r«  V"  P5J  ^  X^''*  “3rr  *  ^  “  IT  •  The  sUt  width  of 
the  reeelvlag  aperture  2  Ct^  ehould  be  eeeentially  less  than 
the  oharaeterletle  else  of  a  source  inage  in  the  focal  plane 
(  <  /V  )•  Besides*  the  condition  k^lP  ^  1200  oust 

be  fulfilled*  It  l]q>oses  restrictions  on  the  receiver  sise 

To  eliminate  the  errors*  due  to  the  transverse  shift  of 
the  source  relative  to  the  receiver  <^tieal  exis  and  regular 
radiation  refraction  in  the  atmoephere,  adjustment  of  the 
unit  is  used*  A^ustment  involves  the  preliminary 
of  the  value  The  angle  between  the  axes  7  and  s  equals 

90** 

It  should  be  noted  that  in  the  suggested  tinit  the  presen¬ 
ce  of  the  four  beans  is  not  obligatory*  The  lesser  number 
of  the  beams  or  ev«i  one  channel  nay  be  used  when  the  value 
4oio  elichtly  different  firom  <4^>*  find,  hence* 

<4^>/<^40>^*  For  this  purpose,  before  the  photoreeeiver 
a  device  with  removable  matrices  is  located  (2)*  The  values 
n  8  0*  1,  2*  3t^( are  measured 
alternately*  The  time  for  averaging  is  3-7  minutes* 
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In  many  daaaaa  of  Imagai.  soma  of  tha  important  faaturas  can  ba  racognizad  by  rapatl- 
tiva  structuras  ovar  a  larga  ragion.  Such  a  spatial  faatura  providas  usafui  informatlOT  in  im- 
aga  sagmantation  and  dassiflcatlon.  Various  digNai  imaga  processing  schemas  to  extract 
textural  information  have  bean  reported  based  on  focal  operators  manipulating  imaga  pixais, 
often  to  extract  iocai  statistics  from  images  (1).  Other  schemas  exploiting  tha  textural  infor¬ 
mation  in  tha  fraguancy  domain  have  also  bean  investigated  along  with  soma  successful 
demonstrations  (2,  3].  in  this  paper,  textural  edge  detection  by  bandpass  filtering  is  consid- 
arad.  A  simple  technique  for  realizing  tha  bandpass  filter  In  a  heterodyne  optical  scanning 
system  is  detKribed  and  illustrated  experlmentaiiy.  Section  II  discusses  textural  edge  de¬ 
tection  by  bandpass  filtering  in  the  context  of  textural  image  modeling  and  Arequency  domain 
filter  ftmctlon  construction.  Section  III  describes  the  optical  scanning  system  capable  of  ex¬ 
tracting  the  edge  in  the  texture  and  presents  some  experimental  results. 


II.  Textural  edge  extraction  by  bandpass  mtaring 


We  consider  the  textural  images  as  spatially  repetitive  structures.  A  1-0  textural  imaga 
with  two  textural  may  be  defined  as  (4, 51 

r(x)  «  U{  ~x)  oos(ci»iJ0  *  tf(x)  COS(0>2X),  (1) 

where  UW  is  a  unit  step  function,  and  <»,  and  esi  are  the  so-called  textural  hequencies  in 
radians  per  unit  length  which  characterize  the  spatially  repetitive  structures  in  the  textural 
regions.  The  textural  edge  is  located  at  x  »  0,  and  Fig.1  (a)  illustrates  the  situation.  A 
Gaussian  bandpass  filter,  N(a>),  shown  in  Fig.  1  (b).  is  used  to  process  the  input.  The  filter  has 
the  folfowing  transfer  function 

H(a»  -  ^xp(  -  ( - ^ - ^>*1.  (2) 

where  C  is  an  arbitrary  amplitude  ^ns  ant,  W  is  a  passband  parameter  to  control  the  band- 
w.dth.  and  Aco  determines  the  amourii  of  shift  of  the  center  of  the  Gaussian  function  from  the 
textural  frequency  ooi .  The  processed  output  is  shown  in  Figs.  1  (c)  and  (d).  We  see  that  the 
After  of  Fig.  1  (b)  will  extract  the  boundary  of  the  domain  of  textural  frequency  <0^.  In  fact,  it 
will  extract  the  boundary  between  co)  and  any  neighboring  textures.  Note  that  the  Gaussian 
filter  is  offset  by  an  amount  Am  from  att.  This  is  necessary  in  order  to  suppress  the  textural 
frequency  as  best  as  possible.  Decreasing  Ao>  results  in  some  leakage  of  the  textural  fre¬ 
quency  mf  The  effect  of  leakages  is  illustrated  in  Fig.  1  (c). 


III.  Optical  hetaredyne  scannbig  system 


In  this  section  we  propose  an  optical  scanning  system  to  synthesize  the  filter  of  the  form 
shown  in  Fig.  1  (b).  The  set-up  is  shown  in  Fig.  2.  Two  Gaussian  laser  beams,  u  and  v,  having 
different  temporal  carrier  frequencies  generated  acoustOK)pticaily  are  sent  toward  the  input 
r(x).  The  receiving  photodetector  spatially  integrates  the  transmitted  light  (or  backscattered 
light  if  r(x)  is  an  intensity  reflectant  object)  and  delivers  a  heterodyne  current  at  the  beat  fre¬ 
quency  of  the  two  receiving  beams.  As  the  input  is  scanned,  the  heterodyne  output  current 
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caniM  tiM  procMsad  varslon  oftha  input,  wlileh  can  ba  diaplayad  with  an  oadHoscopa.  Tha 
oidical  transfer  fenction  (OTF)  of  tha  hatarodyna  scanning  systam  Is  tha  cross-corralation  of 
two  pupil  functions  u  and  v  [6. 

OTFif,)  -  J*  «(*)  ^*(*  -  d».  (3) 

*  oo 

whara  4  is  tha  spatial  fraquancy.  Sinca  u  and  v  usad  in  tha  axparimant  ara  Oaussian  iasar 
baams,  thay  may  ba  dascribad  in  genaral  by 


u(x)  a 


-hg-i* 


and  vtx) 


(4) 


wnara  Ax  is  tha  spatiai  olfsat  batwaan  tha  two  Gaussian  baams.  which  can  ba  introducad  by 
transiating  tha  baamspiittar  usad  to  oombina  tha  two  baams.  Substituting  tha  exprassions  for 
u  and  V  into  (3).  wa  obtain 


OTf(y 


-AjJUfif  - 
a  T'w.'**  h'. 


(5) 


Nota  that  this  OTF  is  a  Gaussian,  ona-sidad  bandpass  filtaring  function  as  shown  in  Fig.  1  (b). 


Tha  iasar  in  usa  oparatas  at  X  >  632.8  nm.  and  tha  iasar  baam  width  Mf,  is  about  0.8 
mm.  Tha  Fourlar  transform  Ians  4  i**  f^a  axparimentai  setup  has  a  focal  length  f,  of  610  mm. 
To  simulate  tha  textural  image  of  tha  input  object  in  tha  experiment,  a  Ronchl  ruling  with  80 
lines/inch  is  used,  corresponding  to  a  fundamental  frequency  of  about  3.15  cycies/mm.  The 
left  half  of  the  Ronchi  ruling  is  blocked,  yielding  a  boundary  between  a  textural  frequency  of 
3.1S  cycles/mm  and  a  uniform  region  (<»,  «•  0).  The  textural  Image  achieved  by  lowpass  fiU 
taring  with  Ax  >  0  is  shown  in  Fig.  3  (a),  increasing  Ax  in  the  pupil  function  v,  the  textural 
edge  detection  by  bandpass  filtering  can  be  realized  as  it  is  evident  from  Fig.  3  (b). 

It  should  ba  pointed  out  that  by  using  this  optical  heterodyne  scanning  technique,  tha 
textural  edge  information  is  obtained  optically  prior  to  electronic  detection,  thereby  allowing 
high  speed,  multiplexing  and  interactive  adaptation,  in  addition  to  imaging  and  reahtima 
pra^rocessing,  the  optical  heterodyne  system  is  capable  of  ranging  by  phase  tracking  or  by 
holographic  means  (7],  as  well  as  of  target  velocity  determination  via  Doppler  shift  measure* 
ments  simultaneously. 
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Figure  2.  An  opUeal  hetarodyne  teanning  syttwn:  BS  denolM  the  beamtplittar,  L  the  lens,  M  the 
mirror,  AOM  the  scoustooptic  modulator,  SC  the  optical  scanner,  u  and  v  the  pupils, 
Lg  tSw  Fourier  transform  lens,  and  FD  the  photo^tector. 


•)  b) 

Figure  3.  (a)  Lowpass  filtered  input  image  (Ax  ■  0):  (b)  Optical  textural  edge  extraction  with  two 
offset  Gaussian  tieams  (,ix  >  2.69mm) 
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A  Free  Flying  Experiment  to  Measure  the  Schawlow-Townes 
Linewidth  Umit  ot  a  300  THz  Laser  Oscillator 

by 

C.  E.  Byvik.  A.  L.  Newcomb  and  R.  L  Byer 
SUMMARY 


i 

$ 


Progress  at  Stanford  Univer8tt7  in  the  development  ci  a  LIDAR 
operating  at  one  micron  in  a  master  oscillator  power  ampler 
configuration  required  a  reasonably  stable,  narrow  linewidth  laser 
oscillator.  The  required  stability  was  achieved  by  the  development  of  a 
non-planar  Nd:TAG  ring  oscillator  pumped  by  a  ten-stripe  diode  laser 
array.  Ten  kilohertz  linewidths  are  ty^cal  for  this  300  THz  oscillator.  The 
Schawlow-Townes  linewidth  limit  for  this  laser  oscillator  is  predicted  to  be 
IHz  per  milliwatt  ouq>ut  A  first  time  measurement  of  this  linewidth  limit 
for  a  laser  oscillator  operating  at  300  THz  is  the  objective  of  a  proposed 
free-flying  space  experiment 

Sources  for  line  broadening  include  mode  fluctuations  in  the 
multi -striped  laser  diode  array  used  as  a  pump  source  for  the  non-planar 
rii^  oscillator  (NPRO)  and  the  acoustical  and  thermal  fluctuations  in  the 
terrestrial-based  laboratory.  The  research  leading  to  the  space-based 
e^riment  has  been  aimed  at  optimizing  the  NPRO  design,  exploring  low 
loss  host  materials  for  the  Neodymium  ion,  host  materials  with  optimum 
thermo-optical  properties,  and  low  noise  coherent  diode  lasers  for  the 
pump  source. 

The  battery  powered  space  e^riment  consists  of  three  NPRO’s  with 
linewidths  determined  by  a  simple  beat  note  heterodyne  technique.  The 
third  oscillator  is  included  for  redundancy.  Detector  redundancy  will  also 
be  achieved  by  including  two  detector  systems.  Data  acquisition  and 
system  controls  will  be  accomplished  throng  the  use  of  a  microcomputer. 

The  demonstration  of  a  stable,  narrow  linewidth  laser  oscillator  will 
enable  space-based  experiments  such  as  proposed  for  a  gravity  wave 
interferometer  detector,  geopotential  measurements,  and  frequency 
standards. 
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Development  of  Laser  Heterodyne  Radiometer 
for  Monitor Ing  Stratospheric  Air  Pollution 

Mitsuo  Ishizu,  Toshikazu  Itabe  and  Tadashi  Aruga 

Radio  Research  Laboratory,  Ministry  of  Posts  and 

Telecommunications 

4-*2-l  Nukuikita-Machi ,  Koganei,  Tokyo  184,  Japan 

Laser  heterodyne  radiometers  using  a  CO2  laser  and  a 
Pb-salt  diode  laser  as  local  oscillators  have  been  developed 
for  the  detection  of  the  stratospheric  minor  constituents. 

Among  them,  sulfer  bearing  conqtounds  such  as  OCS  and  SO^  are 
related  to  the  formation  of  the  stratospheric  aerosols,  and 
they  are  the  main  concern  of  our  study.  According  to  a  direct 
sampling  method,  the  mixing  ratio  of  OCS  molecules  in  the 
atmosphere  has  been  estimated  to  be  O.S  ppby  at  the  altitude 
of  lower  than  about  20km  and  to  decrease  monotonically  in  the 
upper  atmosphere.  Due  to  the  small  amount  of  the  stratospheric 
OCS  molecules,  a  solar  occultation  measurement  using  a 
balloon-borne  laser  heterodyne  radiometer  will  be  required 
for  the  detection.  The  radiometers  which  are  described  below 
have  been  constructed  for  a  laboratory  measurement  and  resulted 
in  successful  detection  of  many  absorption  lines  in  the  solar 
spectrum  around  a  wavelength  region  of  10  urn. 

Fig.l  shows  the  experimental  setup  of  CO^  laser  heterodyne 

system  which  mainly  consists  of  a  grating-tuned  CO2  laser, 

a  high-speed  HgCdTe  photomixer,  a  low-noise  preamplifier,  a 

beam  combining  optics  and  a  Oicke  chopper.  The  IF  signal 

generated  in  the  photomixer  was  frequency-analyzed  using  a 

microwave  spectrum  analyzer  as  a  tunable  filter,  which 

determined  the  resolution  bandwidth  of  15  MHz  and  swept  the 

IF  signal  in  the  range  of  5-1200  MHz  by  a  sweep  rate  of  10 

MHz/sec.  The  sensitivity  of  this  system  was  estimated  to  be 
-19 

1.7X10  W/Hz  by  means  of  a  S/N  measurement  using  a  calibrated 
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infrared  light  source. 

Pigs. 2-3  show  exang>les  of  the  ozone  absorption  lines 
observed  in  the  solar  spectra.  The  data  tiere  obtained  by  one 
IF  spectral  sweep  with  a  time-constant  of  1  sec  at  the  laser 
lines  of  9P(30)  and  9P(32!,  respectively.  In  these  figures 
the  dot  represents  spectral  radiance  calculated  from  the  data 
at  each  IF  interval  of  11.3  MHz.  and  the  bar-graph  indicates 
the  ozone  line  strength  at  the  IF  frequency  of  to  be  appeared 
in  the  spectrum  derived  from  the  AFGL  atmospheric  absorption 
line  coiiq)ilation.  The  coincidence  between  the  measured  and 
the  compiled  data  are  very  good  except  for  the  line  at  940 
MHz  in  Fig. 2.  This  line  was  always  absent  in  the  solar  spectrum 
in  the  subseqent  observations. 

The  diode  laser  heterodyne  system  used  in  this  work  is 

depicted  in  Fig. 4.  The  diode  laser  was  mounted  in  a 

closed-cycle  helium  refrigerator  and  operated  in  a  single 

longitudinal  mode  with  an  output  power  of  100-200  ^H.  The 

small  available  power  of  the  laser  was  compensated  by  minimizing 

aberrations  of  the  focusing  lenses  and  by  utilizing  a  grating 

filter  for  both  of  the  signal  and  the  local  light  beams.  As 

well  as  this  optical  design,  a  low-noise  pre-amplifier  of  NF 

=  0.55  dB  was  also  specially  constructed.  The  IF  signal  was 

frequency-analized  by  the  same  circuit  as  in  Pig.l,  but  the 

spectral  feature  was  obtained  by  the  sweep  of  the  injection 

current  of  the  laser.  The  sensitivity  of  this  diode  laser 

-19 

heterodyne  system  was  estimated  to  be  5.9X10  W/Hz,  which 
was  only  the  factor  of  3.5  degradation  than  that  of  the  CO2 
laser  heterodyne  system.  We  are  understanding  this  sensitivity 
is  one  of  the  best  results  that  ever  reported. 

An  example  of  the  solar  spectrum  is  shown  in  Fig. 5  as 
well  as  a  Fabry-Perot  fringe  pattern  of  the  laser  light  for 
monitoring  the  wavelength.  The  sweep  rate  was  0.5  mA/sec  and 
the  integration  time-constant  was  1  sec.  It  could  be  seen 
that  the  laser  covered  the  spectral  range  of  18GHz  without 
any  mode-hop  and  a  number  of  absorption  lines  were  clearly 
observed.  Unfortunately  the  identifications  of  the  lines  have 


166 


not  been  made  because  absolute  wavelength  has  not  been  decided 
so  precisely  in  our  present  system. 

From  these  results  of  the  construction  and  testing  of 
the  laser  heterodyne  radiometers,  an  airborne  system  has  been 
under  development  and  will  be  operated  soon. 


Figure  2.  Solar  spectrum 


Figure  3.  Solar  spectrum 


TuC6-l 


AN  EXPCRINENTAL  NEASURENENT  OF  THE  SUSCEPTIBILITY  OF  SPATIAL 
FILTER  PROFILING  TECHNIQUES  TO  SATURAflON 

0.  R.  Ochs  and  R.  J.  Hill 
NOAA/ERL  Wava  Propagation  Laboratory 
Bouldar,  Colorado  80303 


Tha  currant  Intarast  In  tha  usa  of  spatial  flltaring  tachniquas  to  prof 11a 
Mind  and  rafraetlva-lndax  turbulanca  ralsas  tha  quastlon  of  hoM  saturation  of 
scintillation  aay  affact  thasa  systaas.  Soaa  axparlaantal  obsarvatlons  of 
saturation  offsets  hava  nou  baan  nada  alth  a  Mind  profiling  systaa  that  Is 
undor  davalopaant  at  tha  Wava  Propagation  Laboratory.  Tha  Mind  profiling 
tachniqua,  Mhich  Is  a  Modification  of  a  nathod  originally  proposad  by  Laa.i 
aaployas  zaro-naan  spatial  filters  at  both  tha  transalttar  and  recalvar  to 
restrict  tha  observation  of  rafract1va>1ndex  Irregularities  Moving  across  a 
light  path  to  those  of  a  particular  spatial  Movalangth  and  at  a  particular 
location  along  tha  path.  Tha  Mind  profiling  systaa  aaploys  a  nuabar  of  sets 
of  spatial  filters  of  different  spatial  Mavalangths  to  aaasura  Minds  siaulta* 
naously  at  various  path  positions. 

To  observe  saturation  affects,  tha  systaa  was  altered  to  aaasura  inten¬ 
sity  variances  from  one  pair  of  transalttar  and  racaivar  filters  having  20  ca 
spatial  wavelength,  and  another  pair  having  S  ca  spatial  wavelength.  The 
transalttar  and  receiver  filter  gaoaetry  is  shown  in  Fig.  1.  Two  separata 
Fresnel  lenses  are  used  to  fom  tha  transaitting  filters.  A  single  Fresnel 
Ians  and  32-a1anent  photodiode  array,  eonnawted  siaultanaously  for  both  spa¬ 
tial  wavelengths,  are  used  to  fom  tha  receiver  filters.  Note  that  although 
tha  alaaants  of  tha  transaitting  array  fill  the  aperture,  the  receiver  ale- 
aents  are  half  the  width  of  the  transaitting  eleaants  and  hava  gaps  between 
adjacent  eleaents.  This  arrangeaent  results  froa  the  design  of  the  wind 
Profiler,  which  uses  an  interleaved  receiving  array  to  obtain  wind  direction 
inforaation.  This  configuration  foraed  spatial  filters  at  the  center  of  the 
path  of  10  and  2.5  ca  wavelength.  The  optical  path  length  between  transaitter 
and  receiver  was  1  ka.  A  separate  optical  systaa  was  eaployed  to  Measure  the 
mfractive-index  structure  paraaeter  C^^. 

The  Mean  square  signal  fluctuations  for  the  2.5  cm  (X^2.s) 
ca  spatial  wavelangth  (X^io)  ***rs  Measured  and  coapared  with  and  with  each 
othar.  Tha  data  points  in  Figs.  2-4  represent  15-nin  averages;  a  5-point 
running  average  was  applied  to  the  data  points  to  show  the  trends.  The  rela¬ 
tionship  is  nearly  linear  in  Fig.  2,  whera  wa  plot  x^io  however,  the 

situation  is  quite  different  In  Fig.  3,  where  we  plot  x^2.5  against  The 

value  of  C|,*  at  which  x*2.5  hegins  to  saturate  is  about  the  saae  as  the  value 
at  which  the  onset  of  saturation  would  be  observed  for  single,  circular.  Inco¬ 
herent,  unifomly-lllualnated  transaitter  and  receiver  apertures  having  2.5  ca 
diaaatar.  At  higher  turbulence  levels,  however,  the  variance  of  the  signal 
drops  off  severely.  This  is  shown  clearly  in  Fig.  4,  a  linear  plot  of  x^2.S 
vs.  x^io*  highest  turbulence  levels,  the  variance  is  about  one  third 

that  of  the  peak. 

Them  is  at  present  no  theomtical  description  of  the  saturation  effects 
on  spatial-filter  aeasureaants.  On  the  basis  of  the  heuristic  theory  of 


169 


TuC6-2 


saturation,  and  Its  succass  In  pradicting  tha  onsat  of  saturation  for  larga- 
apartura  scIntllloiMtars,^  ona  »Mu1d  roughly  astlaata  that  tha  onsat  of 
saturation  Mould  occur  as  tha  paraaatar  AL/2.4  Pq  bacoaas  largar  than  tha  spa 
tial  Mavalangth  baing  obsarvad:  hara  A  Is  optical  Mavalangth,  L  Is  path 
langth,  and  tha  flald  coharanca  langth  Pg  ■  1.44  (k2LC„2)-3/S^  Mhara  k  •  Zn/K 
Tha  data  do  not  violata  this  notion  although  It  aas  hoped  that  thay  Mould. 
Sansitivlty  to  a  narroM  ranga  of  patn  positions  raquiras  aany  cyclas  on  tha 
transaittar  and  racalvar.  If  thasa  cyclas  oust  ba  Mida,  say  10  ca  or  graatar 
to  rasist  saturation  offsets  routinely  for  long  propagation  paths,  than  tha 
transaittar  and  racalvar  spatial  filters  Mill  ba  vary  large  and  difficult  to 
construct. 

Rafaranca 

1.  Lea.  R.  H.  1974,  Raaota  probing  using  spatially  filtered  apertures,  J. 
Opt.  Soc.  Aa.  64<10),  129S-1303. 

2.  Ochs,  0.  R.  and  R.  J.  Hill,  1982,  A  study  of  factors  Influencing  tha 
calibration  of  optical  Cf,^  asters,  NOAA  Tech.  Heao.  ERL  UPL-106. 


Transmitter  Receiver 


Fig.  1.  Transaitting  and  receiving  apertures. 
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Simultanaott*  MMiuramnu  of  Turbulonc*  Lovol  and 
Innar  Seal#  Using  Lasar  Scintillation 


R.G.  FrahUch 

Cooparativa  Inatituta  for  Raaaarch  in  tha  Environmantal  Sciancaa  (CIRES) 

Univaraity  of  Coiorado/NOAA 
Bouldar.CO  80S00 


INTRODUCTION 

Laser  propagation  through  the  atmosphere  produces  random  scintillation  patterns.  The 
statistics  of  these  intensity  fluctuations  is  determined  by  the  refractive  index  spectrum  of  the 
atmosphere  (i))  where  ^  denotes  spatial  wavenumber.  Tatarskii  proposed  the  following 
model  for  the  turbulence  spectrum* 

♦.  .033C,*f ‘“^expl-fo^f V^l  (0 

where  is  a  measure  of  the  level  of  turbulence  and  /q  is  proportional  to  the  inner  scale  Aq 
(Ao*2.951o).  The  inner  scale  is  deflned  as  the  intercept  of  tl  e  two  power  law  regions  of  the  three 
dimensional  structure  function  of  refractive  index  fluctuations. 

The  level  of  turbulence  has  been  estimated^  from  the  normalised  variance  of  a  large 
incoherent  source.  This  statistic  is  dominated  by  the  inertial  range  of  the  turbulence.  The  inner 
scale  has  been  measured’  by  comparing  this  statistic  to  the  normalised  variance  of  a  diverged 
laser.  The  accuracy  of  these  two  meth«>ds  is  determined  by  the  number  of  independent  samples 
observed  with  the  incoherent  source.  The  inner  scale  has  also  be  estimated*’’  by  a  measurement 
of  the  spatial  covariance  function 


C(3)« _ <  (2) 

in  weak  scattering.  Here,  f  is  the  transverse  separation,  I  is  intensity,  R  is  the  propagation  dis¬ 
tance,  and  <  >  denotes  ensemble  average.  For  a  point  source,  the  covariance  m  weak  scattering 
is  related  to  the  turbulence  spectrum  by 


^  w  2  i  > 


(3) 


The  measurements  of  Ref.  5  were  performed  with  two  moving  detectors  and  the  observation 
time  was  too  long  to  obtain  stable  estimates.  This  limitation  will  be  removed  by  using  an  array 
of  photodetectors  to  measure  the  covariance. 


EXPERIMENT 

Typical  values  of  the  inner  scale  of  turbulence  near  the  ground  ranges  from  3mm  to  10mm. 
In  order  to  sample  the  covariance  function  adequately,  spacinp  from  Imm  to  20  mm  are 
required.  The  photodiode  array  shown  in  Figure  1  samples  the  covariance  from  .75mm  to  36mm. 
The  photodiodes  are  United  Detector  HS008  chips  mounted  on  a  circuit  board.  The  active  area 
of  each  photodiode  is  .2X.2mm  square.  Therefore  there  was  no  aperture  avera^g  of  the  signab. 
The  electronic  design  is  describ^  in  Refs.  6,7.  The  bandwidth  was  lOKHs,  the  mean  signal 
level  was  10  volts  and  the  rms  system  noise  was  50  millivolts.  The  8  channels  were  sampled 
rimultaneously  and  digitised  with  12  bit  accuracy  uring  a  PC  digital  acquirition  system.  The 
system  noise  was  calibrated  by  shuttering  the  laser  for  1.6  seconds.  A  5  mill!  watt  Uniphase 
laser  was  focussed  through  a  pinhole  and  diverged  to  approximate  a  point  source.  The  laser  fluc¬ 
tuations  were  less  than  .1%  during  a  measurement  sequence. 
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PNOTOOIOOe  LOCATIONS 
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Figure  1  Photodiode  orroy  geometry. 


RESULTS 

Figure  2  displays  4  covariances  obtained  from  1.6  seconds  of  data  each.  This  data  was 
collected  on  a  sunny  day  wirh  moderate  windspeed.  The  propagation  path  was  30m  long  and 
l.Sm  above  the  ground.  During  the  8  seconds  of  observation,  the  covariances  appear  stable. 
However,  the  covariances  obtained  3  seconds  later  (Figure  3)  indicate  a  noticeable  increase  (note 
the  change  of  scale).  The  same  behavior  was  observed  on  a  20m  propagation  distance. 


Figure  3  Covariance  measurements  for  locally  nonstationary  conditions. 


174 


TuC7-3 


Figure*  4  «nd  S  display  the  covariances  for  data  collected  on  an  overcast  sununer  day  with  a 
light  wind.  The  propagation  distance  was  50m.  Again,  note  the  rapid  change  in  the  covari* 
ances.  These  regions  of  enhanced  turbulence  are  most  likely  due  to  the  passage  of  thermal 
plumes*. 


Figure  4  Covariance  measurements  for  locally  stationary  conditions. 


The  average  of  72  seconds  of  data  during  a  more  stable  period  u  shown  in  F'gure  6  along 
with  the  best  fit  theoretical  covariance  assuming  the  Tatarskii  turbulence  spectrun'  The  two 
curves  are  very  similar  but  more  data  is  required  in  order  to  determine  the  exact  shape  of  the 
turbulence  spectrum.  It  is  believed  that  when  the  Reynold's  number  is  high  and  the  air  u  dry, 
then  the  turbulence  spectrum  is  described*  by  a  universal  function.  Given  this  universal  spec¬ 
trum,  the  covariance  measurements  will  provide  accurate  estimation  of  the  spectral  parameters 
C,*  and  /q.  These  two  parameters  provide  essential  information  about  the  b^'indary  layer 
energy  processes. 

The  atmospheric  surface  layer  is  a  complicated  random  fluid.  These  measurements  indicate 
that  the  turbulence  spectrum  changes  quickly  and  substantially.  The  atmosphere  is  not 
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homoftaMiM  Mid  aUtioMry.  A  complcu  dcacripUoa  of  this  random  Sold  it  roquirod  in  oidtr  to 
prodkt  tho  atatiatica  of  wave  propaiation  in  the  atmoaphoro. 


Ftfuro  6  Meaaured  covariance  function  (<— )  compared  with 
theoretical  covariance  function  (•  -  •  )  uaing  Tatarakii’a  apeetrum 
with  and  Ao>9.S9mfii . 
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Zaagery  Using  Radiative  Transfer  Code” 

By 

Hongsuk  H.  Kle 

MASA-Goddard  Space  Flight  Center 
Greenbelt,  no.  20771 


An  Image  processing  algorithm  which  can  be  used  not  only  to 
simulate  satellite  mulltlspectral  Imagery  but  also  to  derive 
surface  reflectance  from  satellite  Imagery  Is  being  developed.  In 
essence,  the  algorithm  is  a  pixel  by  pixel  modelling  of  the 
atmospheric  radiance  which  can  be  either  added  to  a  simulated 
ground  scene  or  subtracted  from  space  data. 

An  established  atmospheric  radiative  transfer  model,  known  as  Dave 
Code,  has  been  adapted  for  this  pixel  by  pixel  correction  process. 
1)  The  output  of  the  code  was  modified  by  interpolation  so  that  the 
model's  look  angle  matches  the  geometry  of  each  pixel  of  a  scan 
line.  The  computed  up  and  downwelling  solar  radiance  of  each  pixel 
was  then  arranged  to  give  the  upwelling  radiance  for  ten  surface 
reflectances.  This  N  by  10  dimensional  matrix  (M  =  the  number  of 
pixel  elements  in  a  scan  line)  is  reduced  to  N  by  3  dimensions 
using  three  quadratic  coefficients  which  best  fit  intensity  vs 
ground  reflectance  slope.  In  table  1,  a  sample  of  the  printout  is 
shovm. 


TABLE  1  UPHELLIMG  RADIANCE  IN  THE  FORM  OF  QUADRATIC 
COEFFICIENTS 


W«v«len9th=472  na 


Look 

Anglo 


Taioso.  2«2 

Slza  paraaatar 

VS3.0 

SZA=4« 

AZI=90 

A1 

A3 

A3 

0  0.043S06 

0. 493448 

0. 109417 

1  0.043816 

0. 493428 

0. 109999 

2  0.043838 

0.493381 

0. 109910 

3  0.043879 

0. 493248 

0. 109480 

4  0.043933 

0.  493187 

0.109389 

4  0.043984 

0. 493034 

0. 109399 

9  0.044043 

0.492918 

0. 109242 

4  0.044199 

0.  492730 

0. 109224 

7  0.044299 

0.492989 

0. 109109 

8  0.044373 

0.492347 

0. 109094 

9  0.044903 

0.492141 

0. 104938 

10  0.044491 

0.491883 

0. 1C4884 

11  0.044807 

0. 491494 

0. 104731 

12  0.044983 

0.491344 

0. 104448 
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For  Jemonstration,  a  simulated  ground  reflectance  scene  for  472nm 
that  includes  a  variety  of  terrestrial  targets  such  as  highly 
reflective  snow,  sandy  soil,  and  dark  ocean  surfaces  along  with 
land  vegetation  with  built-in  bidirectional  reflectance  behavior 
was  synthesized.  2)  Since  aerosol  scattering  and  absorption  are  the 
most  Important  variables  of  the  atmospheric  effect  on  remote 
sensing  imagery,  the  simulated  scene  was  processed  using  four 
different  aerosol  optical  thickness  atmospheres.  A  wide  field  of 
view  of  ♦/-60  deg  simulates  the  data  acquisition  conditions  of 
NASA's  future  Eos/nODlS. 1  At  a  glance,  the  resultant  simulated 
satellite  images  for  four  different  (Hie)  conditions  shown  in 
figure  1  do  not  display  visible  differences  that  night  be 
associated  with  increasing  aerosols.  However,  the  changes  Induced 
by  the  aerosols  become  more  obvious  in  line  profile  plotting. 
Analyses  showed  aerosol  scattering  is  an  important  reason  for  the 
brightening  effect  for  dark  surfaces  such  as  ocean  and  vegetations 
in  the  blue  spectral  region,  while  significant  absorption  is  taking 


Figure  l  Simulated  satellite  images  for  four  different  optical 
thickness  atmospheres. 


1  Moderate  Resolution  Imaging  Spectrometer. 
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place  for  bright  trfaces  such  as  snow  or  sandy  soil.  Consequently 
there  exists  a  ret.ectance  point  at  which  the  upward  intensity  is 
insensitive  to  changes  in  aerosol  optical  thickness.  Also  the  plot 
showed,  if  on  imager  has  a  wide  off-nadir  view  angle  (i.e.  nODlS, 
AVHRR  or  CZCS),  non-linear  curlings  in  total  radiance  will  occur 
for  both  dark  and  bright  surfaces  at  extreme  angles. 

These  are  quantitatively  observable  phenomena  and  become  important 
clues  in  searching  for  optimum  atmospheric  parameters  to  be  used 
for  the  removal  of  the  atmospheric  effects  from  space  imagery.  In 
order  to  perform  atmospheric  correction,  the  earlier  three 
quadradic  coefficents,  Al,  A2  and  A3,  are  used  in  solving  for  the 
reflectance,-^  ,  from  the  following  equation. 

A3  X  (fx*  ♦  A2  X  (  ^)  ♦  Al  -  Lx  =  0 

where  Lx  denotes  the  intensity  of  upwelling  radiance  at  the 
satellite.  Using  the  line  profiling  method  of  the  derived  surface 
reflectance,  several  different  optical  thickness  atmospheres  were 
tested  until  a  "correct"  atmosphere  was  found.  Incorrect  optical 
thickness  parameters  result  in  significantly  exaggerated 
reflectances,  including  negatives  or  values  in  excess  of  1.0.  It 
would  appear  correct  reflectance  from  a  homogeneous  target  yields  a 
single  value  and  this  can  be  only  inferred  from  correct  atmospheric 
parameters. 

This  iterative  approach  was  used  in  removing  the  atmospheric  effect 
from  a  TM  scene  which  was  taken  over  the  nuclear  power  plant  at 
Chernobyl,  USSR  on  April  29,  1986.  An  optimum  aerosol  optical 
thickness  was  determined  using  line  profile  plots  of  the  Chernobyl 
cooling  pond  with  several  sets  of  91  Kiel  correction  factors.  A 
water  reflectance  of  5%  was  assumed,  hence  an  effective  9Xnie)  of 
0.39  was  inferred.  The  left  image  of  figure  2  is  a  ground 
reflectance  scene  of  the  Chernobyl  power  station  area  processed  by 
this  method.  The  validity  of  such  processing  cannot  be  confirmed  at 
this  stage.  However  our  earlier  application  of  the  Dave  Code  for 
ocean  atmospheric  system  modelling  leaves  us  to  believe  the  outcome 
of  the  model  has  been  reasonably  accurate. 3)  This  study 
demonstrates  use  of  the  model  can  be  expanded  to  pixel  by  pixel 
correction  of  atmospheric  effects  from  remote  sensing  imagery  of 
land  and  ocean.  (Approximately  15  minutes  presentation) 
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Figure  2.  Tn  Chernobyl  power  plant  scene  with  and  without  having 
applied  the  atmospheric  effects  correction. 
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Corralatlon  apoctroccopy ,  which  ia  a  powarful  dlagnoatlc  tool 
for  tho  dctorainatlon  and  monitoring  of  traca  ataoapharic 
contaninanta,  Involvoa  a  corrolativa  coapartaon  botwaan  tha 
foaturaa  of  a  "flald  apoctrun"  of  a  apaciflc  roglon  of  tha 
ataosphoro,  and  tha  faaturoa  of  a  “naak  function”  which  ia 
raproaantativo  of  the  spectral  absorption  features  of  the 
Bolecular  species  of  interest.  Tha  dagreo  of  correlation 
between  these  can  be  Interpratad  guantltativaly  as  a  direct 
naasura  of  tha  column  density  of  tha  species  of  interest  in  tha 
instrumental  flald  of  view. 

Both  of  tha  spectrometers  described  here  use  the  gas  filter 
non-disperslve  correlation  method.  They  Incorporate  gas  cells 
containing  a  sample  of  the  gas  to  bo  detected  in  tha 
tropospheric  target.  A  block  diagram  of  the  system  used  in  each 
is  shown  in  fig.  1.  Light  from  the  target  xs  collected  by  a 
telescope  and  passed  through  a  gas  call  chopper.  Tha  light 
transmitted  by  the  chopper  is  sent  through  a  spectrum  analyser 
(filters  or  spectrometer)  and  focused  onto  a  detector  (or  array 
of  detectors).  The  resulting  time  dependent  signal  is  amplified 
by  a  preamplifier  and  sampled  by  an  A  to  D  converter  attached  to 
a  microcomputer  data  buss.  Synchronization  with  the  chopper  ia 
obtained  triggering  interrupts  in  the  microcomputer  with  signals 
derived  from  optical  pickoffs  on  the  gas  filter  wheel. 

The  simpler,  smaller  and  most  portable  of  the  two  instruments, 
GASCOPIL  ustts  four  gas  cells  on  a  10  cm.  filter  wheel  to  make 
correlation  measurements,  (see  fig  2.)  This  system  has  bean 
field  tested  at  the  Ontario  Hydro  Lakavlsw  Thermal  Generating 
plant,  aa  a  plume  tracker,  S02  monitor,  and  quantitative  S02 
remote  sensor.  Fig  3.  shows  some  of  tha  results  of  this  survey 
(Reported  earlier  in  Morrow,  Nlcholls). 

Tha  larger  Instrument,  GASCOSCAN,  uses  an  echalle  polychromator 
to  isolate  the  spectral  regions  of  interest.  This  allows  up  to 
16  detectors  to  view  ceparate  spectral  regions  in  the  OV  and  IR 
in  tha  range  of  .2  to  11  microns.  In  addition,  the  GASCOSCAN 
polychromator  haa  a  motorized  micrometer  drive.  This  allows 
scanning  through  the  spectral  features  of  interest  which  can  be 
used  to  eatablis.  an  zero  level  for  the  correlation  signals. 
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Th«  6ASC0SCXN  optical  syatem  is  shown  in  fig.  4.  6ASC0SCAN  has 
bean  operated  as  a  passive  remote  sensor  or  as  an  active  folded 
path  sensor.  In  the  passive  mode  IR  and  UV  flux  in  the  field  of 
view  is  collected  by  a  Newtonian  telescope,  passed  through  a 
high  speed  chopper  and  a  gas  call  chopper  and  spectrally 
analyzed  and  datactad  with  the  polychromatar/  detector  system. 
In  the  active  mode  UV  and  IR  flux  from  a  lamp  source  is  passed 
through  the  gas  call  chopper  and  a  high  speed  chopper.  The  high 
speed  chopper  is  arranged  to  modulate  the  light  between  a 
reference  path  and  the  300  meter  atmospheric  path. 

The  6ASC0SCAN  system  is  currently  undergoing  field  trials  for 
the  detection  of  N02,  S02,  CO,  C02,  N20,  NH3  and  other  trace 
species  of  tropospheric  interest. 
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FIq  4.  -  Signal  In  SOS  Channai  VS.  Tima 
For  Lakavlaw  O.  S.  Survay 


OIPPUSION  OP  THE  LAKEVieW  PLUME 
AS  A  PUNCTION  OP  DISTANCE  PROM 
THE  SOURCE 

(neia  tha  abtelata  tima  la  a  maaaura 
of  diatanea  travaliad  by  QASCOFIL 
at  a  eonatant  apaad  parpandleular  to 
tha  plumo) 


Fig  4.  GASCOSCAN  OPTICS 
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SUMMARY 

Atonic  oxygen  plays  an  important  role  in  chemical  and 
collisional  processes  in  the  earth's  mesosphere  and 
thermosphere.  Current  techniques,  both  in  situ  and  remote, 
for  measuring  oxygen  atom  densities  in  this  altitude  regime 
have  produced  results  with  unexplained  large  disparities.  We 
are  investigating  the  feasibility  of  an  approach  wherein 
vertical  profiles  of  translational  temperature  and  oxygen  atom 
density  are  recovered  from  measurements  of  the  earth's  limb 
radiance  profile  near  147  micrometers  and/or  63  micrometers 
wavelength,  corresponding  to  the  01  (*P»-*Pi  and  *Pi-*Pt) 
transitions  of  the  ground  electronic  state  of  atomic  oxygen. 

The  assumption  that  the  *P  fine  structure  levels  are  in 
thermodynamic  equilibrium  (LTB)  with  the  local  translational 
temperature  is  crucial  to  the  proposed  technique,  but  seems  a 
reasonable  one  based  on  the  very  long  radiative  lifetimes  of  the 
level  transitions. 

The  two  sought-after  vertical  profiles  can,  in 
principle,  be  recovered  from  a)  a  pair  of  limb  radiance 
profiles  representing  the  total  (spectrally  integrated) 
apparent  intensities  of  the  two  OX  lines,  or  b)  a  spectrally 
resolved  limb  radiance  profile  for  just  one  of  the  lines.  The 
use  of  spectrally  resolved  data,  which  makes  tho  LTB  assumption 
less  critical,  implies  an  instrument  with  resolving  power 
somewhat  greater  than  10* ,  which  could  be  achieved  using  a 
Fabry-Perot  system  with  metal  mesh  etalons.  An  IR  heterodyne 
system,  if  one  could  be  designed  to  operate  near  147  micrometers 
wavelength,  would  be  more  complex  but  would  easily  provide  the 
required  high  resolving  power. 

Reported  in  this  paper  are  the  results  of  one¬ 
dimensional  Inversions,  by  an  onion-peel  technique,  of  synthetic 
data  representing  both  the  spectrally  resolved  and  unresolved 
cases  for  various  resolving  powers  and  signal-to-noise  levels. 
The  results  define  the  basic  sensor  performance  requirements  for 
remote  IR  limb  sounding  of  atomic  oxygen  and  temperature. 
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Introduction 


Tha  Aaroapaea  Corporation  ia  currently  auruoying  aduancad  aanaor  concopta 
for  anulronaantal  noaitorlng  froa  apaco  in  tha  lata  1990'a  and  bayond* 

Tha  paranatara  to  ba  ataaorad  Includa  a  wide  uariaty  of  ataoapharlc* 
torraatrlala  and  ocaanographic  itcaa.  The  apaciflc  aanaor  concopta  to 
ba  daacribad  apply  to  tha  aaaauraaant  of  clouda*  uindOf  tanparatura. 
and  hunidlty.  Spacial  aaphaala  in  thia  praaantation  iKU  ba  placed 
on  tha  aubjoct  of  clouda.  Tha  aanaor  concopta  includat 

1)  a  acannlng  radloMtar  for  low  Barth  orbit  cloud  obaarwation* 

2)  a  Mtar'-elaaa  talaacopa  for  gaoaynchronoua  altltuda  cloud 

obaanratlon, 

3)  a  nillinatar  wave  radar  for  cloud  top*  layer*  and  baaa 

aanaing* 

4)  a  atarao  inagar  with  a  lidar  aoundar  for  cloud  top  aanaing* 

3)  a  Ildar  wind  aanaor*  and 

6)  a  diffarantial  abaorption  lidar  (DIAL)  for  taaparatura  and 
huaidity  profiling* 

Clouda 


Sanaora  that  are  capable  of  neaaurlng  cloud  cover*  cloud  typo*  and 
cloud  top*  layer*  and  baaa  height  have  baaa  atudlad*  The  height  of  cloud 
layora  and  baaaa  la  a  particularly  difficult  aeaaureaont*  Sanaora  in 
orblta  that  range  froa  low  Bartb  orbit  to  gaoayncbronoua  orbit  have  baaa 
conaidarad*  The  goal  la  to  arrive  at  a  ayatua  that  can  cover  tha  tropo- 
aphare  and  atratoaphara  over  tha  globe  with  a  horixoatal  pixel  aisa  of  0*5 
ka*  a  vertical  raaolutlon  of  30  to  300  a*  dapandlng  on  altitudo*  and  a 
rafraah  rata  of  15  alnutea*  The  rafraah  rata  alght  ba  attained  by  atrlkli^ 
a  balance  between  tba  nuabar  of  aatellitaa  In  orbit  and  tha  predictive 
capability  of  nuaerical  aodala* 
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Th«  aultiapcetral  iaaglng  aenaor  concept  In  for  n  acnnnlng  radloancnr 
that  oparatea  in  the  vlaibla  and  Cha  naar*  aid,  and  long  vara  IR.  Day/ 
night  aanaing  of  cloud  covar  and  typa  ia  provided  by  tha  viaibla  and  aid  to 
long  wave  IX  channala*  A  channel  in  tha  3.7  aicron  window  band  ia  uaad 
to  reveal  low  clouda  and  fog,  which  are  often  not  evident  in  tha  long  wave 
IR.  Diacriaination  of  anow  froa  clouda  ia  done  with  a  channel  at  1*6 
aicrona,  in  tha  daytiaa.  Tha  reflectance  of  anow  ia  low  at  thia  wavelength, 
while  that  of  clouda  reaaina  high.  The  aynergy  of  thia  aenaor  with  other 
environaental  paraaetera  of  intereat  ia  high.  It  can  be  uaed  to  aap  regiona 
of  anow  cover  and  ice,  to  diacriainata  liquid  water  froa  ice  clouda,  and  to 
aeaaure  cloud-tracked  wlnda,  albedo,  and  aea  aurface  teaperature. 

High-reaolutlon  laaging  at  geoaynchronoua  altitude  calla  for  a  different 
concept.  A  aeter-claaa  diffraction-liaited  three-alrror  vlalble/IR 
teleacope  haa  been  atudied  for  auch  appllcationa.  The  goala  of  thia  Large 
Heteorological  Teleacope  (LMI)  are  the  aaae  aa  thoae  of  the  acanning 
radioaeter  for  low  Earth  orhit,  hut  the  available  coverage  and  tlaallnean 
are  better  for  a  large  fraction  of  the  globe.  Thia  aenaor  concept  ia 
aiallar  to  that  deacribed  by  Maxwell  (1986). 

The  aeaaureaent  of  cloud  layer  and  haae  height  froa  apace  poaea  a  auch 
greater  problea  than  that  of  cloud  cover  and  type.  Lldar  cannot  fully 
penetrate  any  clouda  but  clrrua.  Owing  to  the  very  high  acattering  found  in 
non-clrrua  clouda,  a  Ildar  aenaor  could  not  be  uaed  to  probe  their  vertical 
atructure  over  deptha  of  aore  than  a  few  hundred  aetera.  There  ia  no 
'*naglc  wavelength"  at  which  aore  extenalve  profiling  ia  poaaible  with  Ildar. 
Cloud  top  height,  on  the  other  hand,  can  be  aeaaured  quite  accurately  with 
a  lidar  aounder  (aee  below). 

Owing  to  the  llaltatlona  of  Ildar  outlined  ebove,  another  aenaor  concept  haa 
been  atudied.  Denae  clouda  are  eaaentlally  opaque  to  radiation  at  infrared 
wavelengtha  and  ahorter,  and  are  uaually  tranaparent  to  radiation  at 
centiaeter  wavelengtha  and  longer.  In  the  interaediate  ailllaeter  wavelengtha 
(1  n  to  1  ca)  clouda  are  aeaitranaparent.  A  radar  operating  at  wavelengtha 
having  aufflcient  aeaaureable  backacatter  but  alao  aufficient  tranaparency  haa 
the  potential  for  aeaaurlng  cloud  top,  layer,  and  baae  height  froa  orbit.  A 
range-gated  dual-frequency  nilliaeter'^ieve  radar  (MIHAR)  operating  in  the 
window  banda  at  35  and  94  GHa  ahould  be  able  to  profile  clouda  having  a  wide 
range  of  liquid  water  content.  Drier  clouda  auch  aa  atratua  and  cuaulua 
ahould  be  aore  eaally  profiled  at  94  GBa,  while  wetter  clouda  auch  aa 
cuauloniabua  ahould  be  aore  eaally  profiled  at  35  GRa.  Iftiltlple  frequenciea 
will  alao  help  to  separate  the  effects  of  attenuation  froa  backacatter.  The 
exact  perforaance  of  the  inatruaant  is  difficult  to  predict,  partly  becauaa 
the  phyaica  la  coapllcated  and  partly  becauae  the  requlaite  data  baae  of 
cloud  obaervatlona  does  not  yet  exist.  Meteorological  radar  operating  at 
94  GHa  la  now  being  uaed  on  the  ground  for  prelialnary  cloud  atudlea 
(Lheraltte,  1986).  Owing  to  power  and  aperture  conaiderationa ,  the  MIUAR 
doea  not  appear  to  be  appropriate  for  high  orbita. 
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Tlw  space-bMcd  radar  eeneapt  outllnad  abova  la  an  axpaaalra  and  rlaky 
propealtloa.  Aa  a  partial  altamatlra*  an  Infrarad  aoundar  can  ba  uaad 
to  aaaaura  cloud  top  halght,  but  with  unaecaptably  largo  arror,  and  to 
■aka  a  eruda  aatlaato  of  cloud  thlckncaa  (Tab  and  Llou,  1983).  Thara 
appaara  to  bo  no  potantlal  for  accurate  Infaranca  of  layer  and  baaa  height 
fron  auch  an  Inatnmant.  Hence,  an  18  aoundar  la  not  a  wlabla  altamatlwe 
to  tha  HlMAll. 

Another  partial  altamatlwo  la  a  atereo  laaglng  aenaor  with  a  Ildar  for 
praclaa  range  calibration.  Thla  Starao  Xaagar/Lldar  Ataoapherlc  Sounder 
(SZIAS)  would  conalat  of  a  dewlea  that  acquiree  laagea  while  looking  forward 
and  backward  along  tha  aatelllta  track,  for  tha  purpoae  of  neeaurlng  cloud 
height  fro*  the  offaeta  In  atereo  laaga  palra.  Aa  aaaoclated  Ildar  aoundar 
would  ■aaaura  preclae  reference  polata  at  aelected  Intarvala,  for  accurate 
calibration  of  the  height  acale.  The  Ildar  could  alao  ba  uaad  to  detect 
hlgh^ltltuda  aubvlaual  clrrua  (Carewell,  1983).  The  concept  la  elallar 
to  that  propoaed  by  Lorana  (1983).  Stereo  palra  of  laagea  hawa  been  acquired 
from  aany  geoatatlonary  aatellltea  (e.g..  Healer,  1981),  but  tha  uae  of 
owarlapplng  geoatatlonary  flalda  of  view  la  unaultabla  In  an  operational 
enwlrooBent.  Although  It  la  a  powerful  technique,  tha  SILAS  concept  only 
aelwea  part  of  tha  cloud  height  problea.  Tbua,  l^laaantatlon  of  the  NIWAH 
eeneapt  la  Indicated. 

Wlnda 

Senaon  that  are  capable  of  neeaurlng  the  wind  waeter  to  mk  throughout 
tha  tropoaphara  and  atratoaphere  have  bean  aurveyed.  The  concept  la  for 
a  coherent  dopplor  Ildar  alallar  to  one  of  thoaa  reviewed  by  Henslea  (1986). 
Further  detalla  will  be  provided  In  the  preaontatlon. 

Taaporature  and  Hualdlty  Profiling 

Sonaora  that  are  capable  of  neeaurlng  the  vortical  teaperature  profile  to 
<f/»lK  and  tha  vertical  hualdlty  profile  to  4-/-1  g/a3  have  been  aurveyed. 

The  concept  la  for  a  DIAL  (differential  abaorptlon  Ildar)  Inatruaent.  Fhrthar 
detalla  will  be  provided  la  the  preaeatatlon. 
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Urge  Aperture  Neasureiaents  of  Optical  Turbulence 
0.  N.  Uinker 

AFM.//W8A.  Kirtland  AFB 
Albuquerque.  NM  87117 

There  exists  a  significant  body  of  literature,  developed  over  the  last 
10  years  or  so.  concerned  with  the  theoretical  analysis  of  atmospherically 
Induced  wavefront  aberrations  In  terms  of  Zernike  polynomial  decompositions 
and  power  spectra  of  the  Zernike  modes  (1*4).  To  date  there  has  not  been 
a  satisfactory  experimental  verification  of  these  analyses. 

An  experiment  to  collect  data  concerning  the  effects  of  atmospheric 
turbulence  on  the  propagation  of  starlight  through  the  atmosphere  has  been 
conducted  since  spring  1986  on  the  107*  telescope  located  at  McDonald 
Observatory  In  west  Texas.  The  experiment  measures  phase  and  Intensity  of 
atmospherically  aberrated  starlight  with  high  spatial  and  temporal  resolu¬ 
tion.  The  data  being  gathered  will  provide  data  relevant  to  the  develop¬ 
ment  of  atmospheric  turbulence  theory.  Observations  are  scheduled  to 
continue  through  the  first  half  of  1987. 

The  experimental  setup  Is  relatively  simple.  A  lenslet  array  con* 
sisting  of  a  50  nm  diameter  region  filled  with  1  x  1  mm^  square  lenslets  Is 
used  to  perform  a  Hartmann  test  (5)  on  the  wavefront  at  the  telescope 
entrance  pupil.  About  900  lenslets  are  located  In  the  unobscured  portion 
of  the  aperture.  The  focal  spots  formed  by  this  lenslet  array  are  recorded 
on  photographic  film  for  later  analysis.  A  gated  Image  Intensifler 
controls  the  exposure  time.  Signal  levels  are  adequate  to  allow  one  milli¬ 
second  exposures,  sufficient  to  "freeze*  the  atmosphere.  A  fast  scanning 
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mirror  gives  the  ability  to  record  tw*:)  wavefronts  separated  by  a  time  delay 
which  may  be  as  short  as  one  mllllsec'rod.  allowing  the  measurement  of  phase 
decorrelation  times.  Simultaneous  ireasurements  of  Fried's  coherence  para* 
■Kter,  rg,  using  a  separate  1nstrun«nt.  and  measurements  of  temperature 
differences  along  the  optical  path  within  the  telescope  are  used  to  gauge 
the  Importance  of  turbulence  within  the  dome  versus  the  turbulence  In  the 
free  atmosphere. 

The  Intensities  of  the  recorded  spots  give  scintillation  Information 
and  the  spot  positions  are  used  to  reconstruct  the  phasefront.  This  Infor¬ 
mation  Is  analysed  in  various  ways.  Of  primary  Interest  Is  the  decom¬ 
position  of  the  phasefronts  Into  Zernike  polynomials,  from  which  the 
variance  of  the  coefficients  of  the  various  Zernike  modes  can  be  derived 
and  compared  with  theoretical  predictions.  Recent  work  (6)  predicts  signi¬ 
ficant  attenuation  of  low  spatial  frequency  Zernike  modes  on  large  aperture 
telescopes  due  to  finite  outer  scale.  Measurement  of  the  degree  of  atten¬ 
uation  can  be  used  to  characterl2e  the  outer  scale.  A  comparison  of 
results  with  the  relevant  theory  will  be  presented. 
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Afaatraet 

A  low>cost,  high-performance  sensor  design  for  low-earth-orbit  ocean-color  remote 
sensing  is  presented  with  system  tradeoffs  and  performance  estimates. 


Introduction 

Global  and  mesoscaie  oceanographic 
applications  and  coastal  zone  studies 
require  remotely  sensed  ocean  color  and  sea 
surface  temperature  measurements  for 
diverse  applications  including  mapping  of 
sediments  and  phytoplankton  and  estimating 
sea-surface  temperatures.  Phytoplankton 
concentrations  can  be  used  to  determine  the 
locations  of  fish  and  other  sea  lifd  and  are 
essential  to  gaining  an  understanding  of  the 
carbon  dioxide  cycle,  a  link  to  global 
dimate  changes.  This  paper  describes  a 
compact  wide-field  sensor  for  measuring 
ocean  color  and  sea-surface  temperature 


from  low  earth  orbit,  designed  to  meet  the 
requirements  spedfied  by  the 
NASA/NOAA/EOSAT  Sea-viewing  Wide- 
Fieid  Sensor  (SeaWIFS)  Working  Group 
(Ref.  1]. 

Svateiw  Weaulrementa  and 

Cftnitiaimi 

Several  key  user  raquiraments  and 
orbital  constraints  billuenead  the  design  of 
the  SeaWIFS.  The  rsquhed  spectral  bands 
and  their  purpose  are  shown  in  Table  1. 


Table  1:  Spectral  Banda  for  the  SeaWIFS  Sensor 


Bwd 

Wavelength  (pm) 
Center  Width 

Purpose 

1 

0.443 

0.020 

Chlorophyll  Absorption 

2 

O.SOO 

0.020 

Pigment  Absorption 

3 

0.565 

0.020 

Sediments/Hinge  Point 

4 

0.665 

0.020 

Atmospheric  Correction 

5 

0.765 

0.040* 

Atmospheric  Correction 

6 

0.865 

0.045 

Atmospheric  Correction 

7 

11.00 

1.000 

Sea-Surface  Temperature 

8 

12.00 

1.000 

Sea-Surface  Temoerature 

*  Blocked  from  0.759  -  0.770  tim  to  avoid  oxygen  sbeoiption. 
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Us«r  requirements,  program 
schedules,  spacecraft  accommodations,  and 
ground-station  compatibility  aH  constrain 
the  sensor  design.  The  Landsat-6 
spacecraft  is  the  proposed  plalform,  and  its 
scheduled  launch  date  limits  the  design  to 
an  instrument  that  can  be  implemented  in 
18  to  20  months.  Also,  since  the  primary 
mission  of  Landsat-6  is  the  Thematic 
iviapper,  only  a  small,  lightweight 
instrument  with  low  power  consumption 
can  be  considered,  m  order  to  maximize 
the  utility  of  the  data,  the  data  output 
format  was  constrained  to  be  compatible 
with  the  High-Resolution  Picture 
Transmission  (HRPT)  format  used  by 
existing  ground  stations  to  receive 
Advanced  Very  High  Resolution  Radiometer 
(AVHRR)  data  [Ref.  2]. 

To  avoid  sun  glint,  the  held  of  view 
must  be  pointable  ±20*  along-track,  and  to 
provide  daily  coverage,  it  must  scan 
±58.5*.  Instrument  polarization 
sensitivity  must  be  less  than  2%  to  enable 
existing  atmospheric  correction  algorithms 
to  be  used.  Because  the  ’water-leaving* 
radiance  is  small,  all  six  of  the  visible  and 
near  infrared  (VNIR)  bands  must  be 
extremely  sensitive.  Finally,  the  cost  of 
the  sensor  and  the  risk  associated  with  it 
must  be  low;  therefore,  only  those  features 
that  appeared  most  promisirtg  and 
affordable  were  considered. 

System  Design 

An  isometric  view  of  the  resulting 
SeaWiFS  sensor  concept  is  shown  in 
Figure  1.  The  telescope  rotates  a  full  360* 
cross-track  and  can  be  tilted  aicng-track 
to  one  of  three  positions;  4^20*,  0*.  and 


-20*.  A  fold  mirror  in  the  telescope 
reflects  the  scene  energy  to  a  mirror  that 
rotates  with  the  telesctfoe.  The  scene 
energy  is  then  intercepted  by  a  half-angle 
mirror  that  rotates  at  half  tne  rate  of  the 
telescope,  relaying  the  scerte  energy  to  the 
dichroic  beamsplitters  and  aft  assembly 
objective  lenses.  The  SeaWiFS  scanning 
technique  results  in  less  than  1.7% 
polarization  sensitivity  with  no  image 
rotation. 

A  single  detector  width  along-track 
is  used  for  each  band,  resulting  in  a  raster 
scan  system.  To  be  compatible  with  the 
HRPT  format,  the  sensor  must  trace  6 
scans  par  second;  therefore,  for  the 
Landsat's  polar  orbit  at  an  altitude  of 
70S  km,  the  along-track  sample  spacing 
must  be  1.13  km.  This  results  in  an 
instantaneous  field  of  view  (IFOV)  of  1.6 
mrad  and  an  dwell  lime  of  42.32  ps. 

A  4.8  mil  (122  pm)  detector  pitch 
was  selected  for  ease  of  manufacturing  of 
the  long-wavelength  infrared  (LWIR) 
detectors.  To  make  the  footprint  projection 
of  these  detectors  equal  the  along-track 
sample  spacing  (1.13  km),  the  optical 
focal  length  of  the  system  was  chosen  to  be 
7.64  cm. 

The  SeaWiFS  telescope  is  a  3x 
magnification,  three-mirror,  f/1.3  afocal 
system  with  a  5.9  cm  aperture  and  a  25*/e 
area  obscuration  by  the  secondary  mirror. 
The  eight  spectral  bands  are  arranged  in 
four  groups  of  two;  each  group  has  its  own 
refractive  focusing  objectives,  tailored  to 
foe  spectral  bands  of  foe  group.  On-focal- 
plane  spectral  filters  are  used  to  separate 
foe  individual  bands  within  the  groups. 
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Figure  1:  SeaWIFS  Oeean>Color  Sensor 


The  360*  scan,  in  addition  to 
providing  the  required  t17*  scerte  scan, 
allows  viewing  of  an  intemai  biackbody  for 
jC-restore  of  the  LWIR  channels.  A  space 
view  for  zero  reference  and  a  solar  diffuser 
that  folds  into  the  view  of  the  scanning 
telescope  are  provided  for  calibration.  DC- 
restore  is  performed  once  per  scan  and 
solar  calibration  can  be  performed  once 
per  orbit. 

Six  of  the  eight  spectral  bands  lie  in 
the  VNIR  region  of  the  spectrum.  Time 
delay  and  integration  (TOI)  of  five  discrete 
phot^iodes  per  spectral  band  is  required  to 
meet  the  desired  signaMo-noise  ratio  for 
these  channels.  Since  each  focal  plane 
contains  two  spectral  bands,  each  VNIR 
focal  plane  contains  10  photodiodes 
arranged  in  a  line  array  with  a  one-IFOV 
filter-coupling  space  between  the  groups  of 
five  elements.  This  results  in  a  total 
optical  field  of  view  of  1*.  The  imaging 
elements  are  space-qualified  discrete 


silicon  photodiode-preamplifier  hybrids 
operating  in  the  photovoltaic  mode.  TDI  is 
performed  off-focal-plane  after 
digitization  using  a  custom  TDI  electronic 
processor.  Two  discrete  photoconductive 
mercury  cadmium  telluride  (PC:  HgCdTe) 
detectors  are  used  for  the  LWIR  bands. 
Cooling  is  achieved  using  an  A.D.  Little 
radiative  cooler,  and  the  operating 
temperature  provided  by  the  radiative 
cooler  is  11  OK. 

The  SeaWiFS  design  resulted  in  a 
sensor  envelope  of  12.6”  x  12.0*  x  12.0” 
weighing  18  lbs  with  an  additional 
electronics  module  weighing  7  lbs.  The 
average  system  power  dissipation, 
including  the  electronics  module,  is 
60  Watts.  The  SeaWiFS  data  rate  is 
665  kbps  (HRPT  format). 


193 


TUC13-4 


t 


Senaof  Performance 

The  expected  performance  of  the 
SeaWiFS  sensor  was  estimated  for  the  VNIR 
and  LWIR  bands  using  the  sensor 
parameters  described  above.  For  the  VNIR 
channels,  ocean  radiance  conditions 
corresponding  to  the  reflectances  of  the 
Moots  specification  [Ref.  3]  were  used  to 


evaluate  the  sensor,  and  the  distribution 
function  of  a  blackbody  of  300K  was  used  to 
compute  the  infrared  radiances.  Table  2 
lists  the  resulting  performance 
parameters.  These  performrnce  values 
meet  the  requirements  identified  by  the 
joint  NASA/NOAA/EGSAT  SeaWiFS  Working 
Group  [Ref.  1]. 


Table  2:  SignaMooNolse  Ratio  (SNR)  and  Noise  Equivalent 

Temperature  Difference  (NEAT)  for  the  SejWlFS  str.sor. 


Band 

Wavelength  (pm) 
Center  Width 

Spectral  Radiance 
(mW/cm2.ster-um) 

SNR 

1 

mgtm 

MESM 

5.8 

474 

2 

4.5 

507 

3 

WSmi 

2  8 

401 

4 

0.020 

1.7 

350 

5 

0.765 

0.040 

1.0 

343 

6 

0.865 

0.045 

0.4 

243 

NEAT  (200K)  1 

7 

BEE! 

1.000 

0.20 

8 

1.000 

0.23 

Conclyalpna 

A  sensor  concept  was  developed  to  satisfy  the  primary  requirements  of  an  ocean  color 
sensor.  This  concept  uses  a  raster  scan  with  a  rotating  telescope  and  results  in  a  smalt, 
lightweight,  low-power,  high-performance  instrument. 
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SUMMARY 

Photoconductors  can  be  used  as  optical  heterodyne  detectors  and  they  have  the 
advantage  of  lower  cost  and  larger  site.  Much  literature  is  available  for  the  perfect 
case  where  the  circuit  connected  to  the  detector  has  no  effect  on  the  response  of  the 
detector.  For  direct  detection  when  the  signal  is  very  small  these  results  may  be 
satisfactory.  However,  application  of  an  optical  local  oscillator  in  the  milliwatt 
range  to  the  photoconductor  modifies  its  conductance  sufficiently  tc  have  a  consider* 
able  effect  on  both  the  responsivity  of  the  detector  and  its  interaction  with  the  signal 
processing  circuitry.  Penin  et  al.  [l]  recognised  that  there  was  a  local  oscillator 
induced  interaction  with  the  circuit  and  derived  a  formulation  for  the  noise  factor  of 
a  photoconductive  detector  as  a  function  of  local  oscillator  power.  Unfortunately, 
they  did  not  recognise  that  the  equivalent  source  term  is  also  modified  by  the  local 
oscillator;  and  consequently,  their  result  is  not  correct.  In  this  paper,  the  signal  to 
noise  ratio  (S/N)  is  derived  for  a  photoconductive  detector  as  a  function  of  local 
oscillator  power  and  includes  both  effects.  It  will  be  found  that  there  b  a  finite  level 
of  local  oscillator  power  for  which  the  S/N  b  a  maximum. 

In  the  linear  region,  the  conductance  of  the  photoconductive  detector  can  be 
modeled  as 

Gd«twtOT  ~  G  +  GT{,  (1) 

where  G  b  the  dark  conductance,  G'  b  a  constant  (at  a  given  frequency)  and  Pi^  b 
the  optical  power  applied  to  the  detector.  In  order  to  obtain  a  signal  from  the 
detector,  a  bias  most  be  applied.  A  circuit  to  accomplish  that  b  shown  in  Figure  1 
where  Vg  b  the  applied  direct  current  bias  voltage  which,  because  of  the  inductor,  b 
applied  only  across  the  detector.  The  current  that  flows  through  the  detector  b 
given  by 

i  «*  Vb  Gxot  («•  Pto)  ^  ««*er  terms  (2) 


where 


Pta  *  Pu)  "t  PaH  *  Pto  +  * 


Gxot  =  G  +  G'Pi^  for  w  »  0 


GL(G+G'Pta)  . 

GtOT  **  Mm 
^  (G  +  G'pfc  +  GJ 


(3) 

(4) 

(5) 
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•ad  Plo  Vpli^  local  oscillator  power  that  srtablishei  aa  operaUag  poiat 

about  which  there  will  be  small  fluctuatioos  due  to  the  sigaal  power  Pg.  Now  bj 
espaadiag  ia  a  series  as  iadicated  ia  Eq.(2),  ig^  caa  be  fouad  aad  is  glreo  (aeglect* 
lag  higher  order  terms)  by 

'dc  +  iw  -  Vb(G  +  G'Pio)  +  2V,G'V?;;^  (G -f  Or  4  G'Pio)»  **’ 


where  use  was  made  of 


iHtt 


dCyoTC^t  P|n) 

j  dPi. 


dPi. 


Pto  “  P1.0  dP|it» 


Hat 


(7) 


The  second  term  in  E<i.(6)  is  the  signal  current  that  flows  through  the  AC  coupled 
conductance.  This  corresponds  to  the  small  signal  circuit  shown  in  Figure  2  where 


i,  =  2VbG'VPloPs 


Cl 

(G  +  G|,  +  G'P|^) 


(8) 


It  can  be  seen  from  Eq.(6)  that  the  signal  current  b  a  function  of  Plo  aad  a  simple 
calculation  shows  that  it  peaks  for 


Plo  = 


3G' 


(») 


The  noise  sources  are  generation>recombination  (g>r)  noise  due  to  the  bias  and 
Johnson  noise  from  the  conductances  with  the  same  equiralent  circuit  as  for  the  sig* 
ual.  Thb  corresponds  to  a  total  noise  current  Tariance  (neglecting  noise  on  the  local 
oscillator)  of 

<i,*>  *  4lDc«Bg  +  4kTD(G  +  G'  Pio^  +  4kT,G,^  (10) 


where  e  b  the  electronic  charge,  g  b  the  photoconductire  gain,  ^  b  the  bias 
current,  B  b  the  bandwidth,  k  b  Boltimann’s  constant,  Tq  b  the  temperature  of  the 
detector,  aad  T,  b  the  equiralent  noise  temperature  of  the  terminating  conductance 
and  any  amplifier  that  follows. 

Using  Eq.(6)  aad  Eq.(lO)  the  signal  to  noise  ratio  b  giren  by 

i  ^ _ vj  (O')*  Plo  Ps _ 2L__X„) 

B  ((G  +  GTio)  (Vj  hvG’/ii  +  kT®)  +  kT.Gi  )  (G  +  Oi  +  G'Pio)* 

hwVa  G' 

where  use  has  been  made  of  g  ae  — —  and  h  b  Planck’s  constant,  v  b  the  opti* 

■n* 

cal  frequency,  and  1)  b  the  quantum  efficiency  of  the  detector.  For  the  usual  case 
where  the  g>r  noise  b  dominant,  thb  can  be  rewritten  in  a  form  more  suitable  to 
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gnphing  M 


where 


(S/N)NwaaBMl 


G2lo 

G 


S  B  h»  ^  j*x 

N  P,  t|  "  (1  xKl  *•*  7  *•*  x)* 

•ad  j 


(12) 


Sk 

G 


Equation  (12)  is  shown  in  Figure  3.  A  nmple  enlculntion  shows  that  S/N  peaks  at  a 
finite  P|^  for  which 


Optimum  P|^  *  |V9  +  SGi^G  -  1  j  (13) 

This  work  was  supported  by  the  U.  S.  Army  Rewareh  0£Bee. 

Rtftrtnet 

1.  N.  A.  Penin,  N.  Sh.  Khaykin  and  B.  V.  Yurist,  ‘Ineestigation  of  the  Noise  Fac¬ 
tor  of  an  Optical  Heterodyne  Recehrer  with  s'*  Extrinsic  Photoresistor,* 
RADIOTEKHN.  I  ELEKTRON.  (USSR),  translb  i  in  RADIO  ENG.  and 
ELECTRON.  PHYS  (USA),  792-796,  May  1972. 


Detector  C 


Fig.  1  -  Bias  Circuit 


2  -  Small  Signal  Equivalent  Circuit 


a*6>|.e/6 


Horaaliscd  Signal  to  Noiae  Ratio 


TuC15>l 


RADIANCE  RATIO  CLASSIFICATION  OF  EARTH  SURFACE  FEATURES— 
A  SPACEBORNE  SHUTTLE  EXPERItCNT 

ff.  E.  Slvertson,  Or. 

NASA  Langley  Research  Center 
Haapton,  VA  23665 

Abstract 


New  spaceborne  technology  Is  being  developed  for  autonomously  detecting 
and  classifying  four  primary  Earth  features— water t  vegetation,  and  bare  land, 
and  a  cloud>snow-lee  class.  Using  this  technology,  a  space-based  remote 
Imaging  system  could  provide  automatic  pretransmlsslon  screening  and  selection 
of  remotely  sensed  Information.  Classification  Is  based  on  camera  output 
radiance  ratio  values.  The  hardware  Is  relatively  small  and  could  be  operated 
In  concert  with  other  spaceborne  sensors  to  remotely  monitor  Earth 
resources.  This  paper  discusses  the  technology  concept  and  spaceborne  Shuttle 
test  flight  results. 


Introduction 


Land,  vegetation,  water,  clouds,  snow,  and  Ice  are  unique  classes  of 
Earth  features  (Ref.  1).  New  technology  has  been  tested  onboard  the  Space 
Shuttle  that  will  allow  an  Instrument  to  automatically  classify  these  features 
(Ref.  2).  An  Image  generated  by  the  InstnjMient  Is  subdivided  Into  pixels. 
Each  pixel  Is  Identified  relative  to  its  Earth  feature  class  and  Its  location 
within  the  Image.  The  experiment  Is  Identified  as  the  Feature  Identification 
and  Location  Experiment  (FILE). 


Overview 

The  FILE  Instrument  (Figs.  1  i  2),  flown  on  the  October  1984  Space 
Shuttle  41 -G  mission.  Includes  a  sensor  electronics  unit  containing  two 
charged  couple  device  (CCD)'  silicon  detector  cameras  with  their  associated 
classification  electronics,  a  buffer  solid-state  memory  data  storage  unit,  two 
magnetic  tape  recorders,  two  70-mm  film  cameras,  and  a  telemetry  and  tape 
select  control  Interface  unit.  Image  data  are  generated  by  the  c6)  sensors, 
are  stored  In  the  buffer  memory,  and  are  transferred  to  a  tape  recorder.  The 
tape  recorder  Is  selected  via  telemetry  control.  Each  Image  Includes  W  and 
IR  digital  Images,  Earth  feature  classification  counts,  and  Greenwich  Hean 
Time  (GNT).  The  two  Hasselblad  70-Mm  film  casieras  record  Images 
simultaneously  with  the  CCD  cameras. 

Each  OCO  camera  Is  configured  as  a  two-dimensional  array  of  100  by  100 
detector  diodes  providing  10,000  pixels  for  each  CCD  Image.  The  two  cameras 
are  equipped  with  an  optical  assembly  Including  a  10.6-wm  focal  length,  4- 
element,  30*  field  angle  lens;  an  F/5.7  aperture  stop;  and  an  Interference 
filter  having  a  half-power  bandwidth  of  approximately  11.2  nm.  One  camera 
operates  with  a  filter  having  a  spectral  band  centered  at  0.65  us.  The  second 
camera  operates  with  a  filter  having  a  spectral  band  centered  at  0.85  us. 

The  fleld-of-vlew  for  the  FILE  Instrutsent  Is  approxlisately  21.4*  by  16.2*. 

Each  70-sib  film  camera  uses  a  100-mm  focal  length  lens  with  a  square 
fleld-of-vlew  of  29.2*  by  29.2*.  All  CCD  and  film  casieras  are  boreslght 
aligned  to  allow  the  film  camera  Images  to  correlate  with  the  CCD  Images  for 
use  In  postf light  analysis  of  FILE  classification  accuracy. 
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Calibration  for  Clouds 


The  FILE  Instnjaient  uses  a  slaple  ratio  technique  for  eaklnq  a 
classification  decision  (Ref.  3).  Each  CCD  canera  voltage  ouput  Is  a  function 
of  input  radiance  level.  The  voltage  ratio  Is  conpared  to  a  sinple  linear 
algorlthMy  derived  fro«  spectural  signature  InforiMtion  (Ref.  b)*  to  detenaine 
the  Earth  feature  class  for  each  pixel  location  within  the  detector  array. 

The  FILE  Instrument  Is  calibrated  to  provide  a  full-scale  output  voltage 
signal  in  response  to  a  naxlnus  expected  radiance  Input.  Clouds  provide  the 
highest  expected  reflected  radiance  values.  Estimates  of  cloud  radiance 
values  sensed  in  orbit  should  be  75  percent  of  the  solar  spectral  radiance 
measurement  values  viewed  on  the  surface  of  the  Earth  (Ref.  5).  For  the  41 -C 
mission,  solar  zenith  angle  was  estimated  as  24*  and  the  solar  spectral 
radiance  values  are  reduced  by  a  factor  equal  to  the  cosine  of  24*.  The 
product  of  measured  solar  spectral  radiance  times  the  zenith  angle  factor  of 
0.9  and  the  factor  of  0.75  for  cloud  reflectance  at  orbital  altitude,  results 
in  the  expected  maximum  radiance  values  (FILE  full-scale  signal)  for  clouds 
equal  to  29.8  mw/cnr-sr-wm  for  the  0.65  im  camera  and  equal  to  21.8  mw/ciir-sr- 
um  for  the  0.85  vm  camera.  Based  on  these  values  and  full-scale  response,  an 
f  stop  value  of  5.6  was  selected  for  each  camera. 

Mission  and  Data  Collection 


The  F(LE  instrument  was  integrated  on  a  Pallet  payload  and  flown  onboard 
the  Shuttle  Challenger  on  the  9-day  STS  41 -C  mission.  The  vehicle  was 
launched  from  the  Kennedy  Space  Center  (KSC)  in  Florida,  on  October  5,  1984. 
Orbital  altitude  ranged  from  approximately  372  km  to  225  km  during  FILE  data 
collection.  A  total  of  242  images  was  recorded.  Sun  angle  over  the  image  set 
ranged  from  approximately  23*  to  63*.  Each  Earth-view  image  data  set 
includes:  a  VR  image,  an  IR  image,  real-time-decision  classification  counts, 
and  01T.  Electronic  CCO  camera  data  are  recorded  on  the  tape  recorders  and 
are  retrieved  postf light  via  electronic  readout.  Each  postf light  processed 
classification  image  is  compared  with  the  FILE  TO-mm  correlative  photographs 
to  aid  In  evaluating  the  system  performance. 

Processing  and  Analysis 

All  F1LE/41-G  images  were  processed  «td  resulted  in  rendering  good  agreement 
between  postfllght  processed  classification  Images  and  their  companion 
correlative  70-mm  film  images.  The  pixel  ratio  Is  initially  processed  using 
an  algorithm  analytically  defined  from  spectral  signature  data  and  an  image  is 
generated  in  which  each  pixel  is  properly  located  within  its  ratio  image  and 
the  pixel  Is  color  coded  as  to  the  Earth  feature  class.  An  8-  by  10-lnch 
color  classification  image  is  generated  and  is  compared  with  its  companion 
FILE  70-mm  Earth  views  of  the  scene  via  an  optical  transfer  scope.  Co- 
registration  of  the  images  in  the  transfer  scope  along  with  photo 
interpretation  allows  the  evaluation  of  the  accuracy  of  FILE  classification. 
A  FILE  image  from  the  41-G  mission  is  shown  in  Fig.  3.  The  outlined  area  In 
the  70-mm  image  in  Fig.  3  is  a  map  of  the  embedded  area  covered  by  the  CCD 
cameras.  An  experimentally  defined  algorithm  is  shown  in  Fig.  4  and  was  used 
to  process  all  F1LE/41-G  images.  Resulted  classification  Images  were  in  good 
agreement  with  their  companion  correlative  film  Images. 
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A  subset  of  37  FILE  cloud  liseges  oes  selected  end  studied.  These  cloud 
dete  std>sets  were  enelyzed  to  stetlstlcally  define  VR  velues  end  ratio 
values.  The  aeen  end  standard  deviation  values  for  clouds  are  as 

folloost  VR  S  (1.083  a  0.07*^)  IR.  The  VR  cloud  level  Is  VR  >  199.23  a  38.32 
out  of  a  full-scale  value  of  255. 

Concludlno  Remarks 

Tec-channel  (0.85  vm  and  0.85  i«)  ratio  detection  technology  can  be  used 
to  autonomously  classify  Earth  features  from  low  Earth  orbital  altitudes.  A 
simple  straight  line  algorithm  can  be  Implemented  to  function  In  real  time 
with  Earth  surface  targets  Illuminated  with  Sun  angles  ranging  from  23*  to 
83*.  An  experimentally  successful  algorithm  has  been  defined  with  a  water 
decision  slope  of  0.8  (VR  a  0.8  IR)  and  a  vegetation  decision  slope  of  0.895 
(VR  a  0.895  IR)  and  a  cloud  decision  VR  threshold  of  44  percent  of  the  VR  full 
scale  response  value.  The  experimentally  defined  algorithm  effected 

classification  decisions  that  were  In  good  agreement  with  70-«i  correlative 
Images. 

Solar-elevation  angle  varied  over  a  range  from  23*  to  83*  during  the  data 
takeSf  and  this  resulted  In  a  calculated  mean  cloud  radiance  signal  of 
approximately  70.3  percent  of  the  expected  full-scale  value.  The  mean  of  the 
measured  cloud  signal  level  values  for  a  set  of  37  cloud  Images  Is  199.23  out 
of  255  or  78  percent  of  the  full-scale  signal  level  and  Is  In  good  agreement 
with  the  expected  value. 

The  FILE  Shuttle  spaceflight  results  obtained  from  the  41-G  flight 
demonstrate  the  suitability  of  radiance  ratio  technology  using  a  simple  y  s  mx 
algorithm  to  autonomously  classify  the  four  Earth  surface  features  water »  bare 
land,  vegetation,  and  clouds/snow/lce.  The  technology  Is  potentially  useful 
for  developing  advanced  denlslon-maklng  automatons  for  use  with  space-based 
real-time  sensor  systems.  The  FILE  technology  Is  especially  attractive  as  a 
cloud  sensor  where,  In  advance  of  or  during  a  mission,  a  threshold  value  for 
percentage  of  cloud  cover  can  be  programmed  and/or  adaptively  modified  for  use 
in  the  control  of  other  remote  sensors. 
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L«t  k«  to)  ba  tha  Irradlanea  varlanea  af  a  ■oaaebraaatte 
aplMrleal  Mawa  af  MMalaagth  X  aad  iwMaauabar  k  ■  2»/X  aftar  prapagatlng  alang 
a  path  af  langth  L.  Tha  turhulanea  la  aaaaaad  laatrapic  iHth  rafraatlaa-lndax 
atruetura  eanatant  Cn^  and  Innar  aeala  io»  ttollarly  lat  oi^(Li  k|,  kg^  Cn^, 
Jo)  ha  tha  Irfadlanoa  earralatlan,  <CIi'<li>)(X2*‘<l2>)>/<IixX2^  ^  Iradlan* 
aaa  If  and  X2  fron  apharleal  nawaa  af  navalangtha  Xf,  and  Xg.  Lat  aLA^d*  0* 
Cp^t  lo)  ka  tha  Irradlanea  varlanea  af  radlatlan  propagating  along  tha  aana 
path  and  tranaaittad  through  a  oiroular.  unlfamly-lllualnatod,  phaaa* 
Incoharant  apartura  of  dianator  0  and  naaaurad  uaing  a  raealving  apartura  af 
diaaatar  0.  It  la  aaauaad  that  0  ancaada  tno  Praana1*xona  aixaa  ao  aij*  la 
appranlaataly  Indapandant  of  tha  optloal  mvanuahar.  Oafina  aoalad  varlanoaa 
hy  dividing  hy  tha  aayaptotlo  aMpraaalona  for  ■  0, 

5*(l^/ft7k|  -  a*(L,k.C^*.l^)/0.»  k^^*L”^*C^*  CD 

•  •y^*(L.0,C^*.l^|/0.t  lV^^C^*  .  Ct) 


Tha  laportant  paint  In  (1)  and  (2)  la  that  tha  naraollsad  varlaneaa  dapand  only 

on  ona  paranatar*D2 

for  tha  aathod  of  Doha  and  H11l2«2  tha  Innar  aeala  la  ohtalnad  froa  tha 
quantity 


qCXftf) 


VETS 


O) 


X  •  tp/t^  ,  0  m  /uS/D  . 

Tha  lapertanoa  of  tha  noraallxad  varlaneaa  In  (D  and  (2)  la  that  they  elaarly 
ahea  that  q  la  a  fuytlen  af  only  taa  dlywionlaaa  parawtarai  ona  la  tha 
daalrad  raault,  to/fl/k,  aiai  tha  othar,  fL/k/0,  la  knoan.  Par  tha  hlehroaatlo 
aathod*  tha  Innar  aeala  la  ohtalnad  froa  tha  quantity 

k|2  d»k.|»k«»C_  •f«) 

Q(L.k,,kj,J^)  a  -  1-  i  ff  ff  ■  ■  (4a) 

✓o*(L,k,.C^*.J^)  a*(L,kj,C^*,l^) 
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(4c) 


r  ■  k^A2  .  k^  -  ,  X  •  l^/ZC/k^ 

«  •  |H,  -  ♦  '*2*  " 


R  -  i^CJiy[(k,  ♦  k2)/2]  -  2/?/(r  ♦  1) 


•  «  i^EjJ/kJ  -  f2r/{r  ♦  1)  .  b  -  i^kj/k2«  -  K2r/|r  -  1|  . 

Equation  (4b)  follONS  froo  (4a)  using  a  trignoaatric  Idantity  In  tha  Rytov 
Intogrand}^  (4b)  oxprossoa  tha  bIchroMtIe  Intanalty  covariance  In  taraa  of 
aonoehroBOtlc  variances  for  hypothetical  radiation  of  Mavonuabar  k*  propagating 
on  paths  of  length  L  and  L«.  Tha  advantage  of  Introducing  tha  scaled  variances 
In  (4c)  Is  that  Q  Is  than  obviously  a  function  of  only  t»M>  dlaanslonlass  paraaa* 
tars  X  and  r,  not  of  tha  four  paraaatars  L*  k|,  k2»  and  to  saparataly. 

QRAPHZCM.  COMPARISON  OF  THE  TWO  METHODS 

Figure  1  shoNS  tha  Quantities  ofx.d)  and  Q(x,r)  as  functions  of 
X  •  Jo/^Pk  for  o  and  x  ■  fo//LA2  for  Q.  Tha  accurate  rafractiva-indax 
spactrua  of  Hill*  Is  used  to  produce  this  figure.  Three  cases  are  shonn  for  Q 
corresponding  to  r  ■  0.06970,  0.5947,  and  1.440.  These  values  of  r  can  be 
obtained  free  the  navelength  pairs  (Xf,  X2)  ■  (10.6  pa,  0.6928  pa),  (1.064  pa, 
0.6329  pa),  and  (0.4400  pa,  0.6926  pa),  respactlvelyj  although  any  aevelength 
pair  resulting  In  one  of  these  three  values  of  r  Is  also  shean  since  Q  depends 
only  on  x  and  r.  Assuaing  k  In  (9)  and  k2  In  4(a,b,c)  corresponds  to  the  wave- 
length  0.6328  pa,  then  the  range  of  the  abcissa  In  Fig.  1  Is  sufficient  to 
Include  all  casas  L  froa  40  a  to  1000  a  and  Iq  froa  1  aa  to  20  aa.  TNo  cases 
are  shoan  for  q  corresponding  to  d  ■  0.116  and  0.0667.  The  value  d  ■  0.116 
applies  to  the  experlaent  by  Ochs  and  Hlll,^  naaely  L  ■  260  a,  k  ■  2x/0.6320  pa, 
and  0  ■  4.4  ca.  The  value  d  ■  0.0667  could  be  obtained  froa  the  case  L  ■  1000 
a,  k  ■  2X/0.6328  pa,  and  D  >  16  ca.  Of  course,  any  other  ccablnatlon  of  L,  k, 
and  0  resulting  In  one  of  the  tao  given  velues  of  d  Is  also  presantod  In  Fig.  1. 
The  buap  In  the  refractive-index  apectrua*  produces  a  aoxlaua  In  tha  curves  for 
q(x,d)  and  a  alnlaua  In  the  curves  for  Q(x,r),  the  x-positlon  of  ahich  depends 
on  d  and  r. 

Considar  the  sensitivity  to  errors  6q  and  Sq  given  by 
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Mhoro  4q,  SQ,  and  4lo  srs  tho  orrors  In  tho  rospsetivo  quantltlos.  Tho 
logarltlwlc  dorivativos  givo  Sq  and  Sg  in  tiw  Holt  of  saoll  orrora.  Thoso  son> 
sitivltlos,  Sq  and  Sq,  rolato  tho  fractional  arror  In  tho  Innar  acala  to  tho 
fractional  arror  In  tha  aaasurad  quantities  q  and  Q.  Tha  values  of  Sq  and  Sq 
are  therefore  the  slopes  of  the  curves  In  Fig.  1.  Large  absolute  values  of  Sq 
and  Sq  ara  dasirod,  so  steep  slopes  are  desired.  Systeaatlc  errors,  nhlch  are 
difficult  to  assess,  are  aore  likely  to  Halt  the  accuracy  of  the  Inner  scale 
aeasureaent  than  are  the  errors  due  to  noise.  Saturation  of  scintillation  Is  a 
systeaatlc  error  In  both  systeas.  Errors  due  to  noise  alii  be  significant  undar 
conditions  of  very  saall  Cn^  In  both  aethods. 

On  Fig.  1,  the  steepest  slope  at  x  >  0.6  for  q(x, 0.0667)  Is  about  twice.  In 
aagnltude,  the  steepest  slope  of  the  curve  for  Q(x, 0.06673).  The  slope  of  the 
q-curves  reaelns  steep  for  yet  greater  x  whereas  the  Q-curves  bscoaa  flat. 

Hence  for  x  >  0.6  the  aethod  of  Ochs  and  h1112«3  haq  an  advantage.  The  experl- 
nent  perfomed  by  Ochs^  obtained  1^  froa  3  aa  to  10  an,  which  corresponds  to 
0.6  <  X  <  2.  The  curve  for  q(x, 0.0667)  has  twice  the  aagnltude  of  slope  at  x  • 
0.6  as  does  the  curve  for  Q(x, 0.5947).  However,  for  yet  saaller  x.  the 
q(x,0.0667)  curve  reaches  a  aaxlaua  where  Sq  vanishes  and  thereafter  decreases, 
thereby  Introducing  a  possible  aablgulty  In  the  aeasured  value  of  fq.  The  curve 
for  Q(x, 0.5947)  reaches  Its  alnlaua  at  x  «  0.1  and  Increases  to  Its  asyaptote  as 
X  decreases  further.  Therefore  there  Is  m  advantage  to  the  blchroaatlc 
aethod^  for  x  <  0.6,  but  x  oust  be  greater  than  soae  value,  which  depends  on  r, 
to  aalntain  unaablguous  sensitivity  to  fq. 
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SUMKARY 

Marrow  bandwidth  optical  aourcaa  ara  raadlly  avallabla. 
Howavar,  tunabla  narrow  bandwidth,  wlda  flald-of-vlaw 
optical  flltara  ara  not  avallabla.  Tha  laaar-axcitad 
optical  flltara  (LEOF)  prasantad  hara  ara  In  prlnclpla 
tunabla  narrow  bandwidth,  wlda  fiald-of>vlaw  optical 
flltara.  Thaaa  flltara  can  alnultanaoualy  provide  high 
raaolut.on  (0.001  na) ,  wlda  flald-of-vlaw  (2ir) ,  high  quantua 
afflclancy,  and  alactrlcally  tunabla  optical  filtering. 
Narrow  bandwidth  operation  of  laaar-punpad  atonic  vapor 
flltara  ware  Urat  daaonatratad  by  Galbwacha  at  al.^  ,by 
Marling  at  al.^,  and  recently  by  Chung  at  al.^  Tha  first 
electrical  tunlno  of  thaaa  devices  was  danonatratad  by 
Galbwachs  at.  al.'  In  addition,  alkali  vapor  based  LEOFs  can 
operate  on  130  transitions  between  921  and  474  nn.  LEOFs  ara 
ideally  suited  for  extracting  weak  narrow  bandwidth  signals 
burled  In  strong  nonrasonant  optical  background  radiation. 
Potential  applications  of  these  filters  Include  laser  radar, 
laser  connunlcatlons,  detection  of  Ranan  radiation,  atonic 
spectroscopy,  etc. 

LEOFs  represent  a  significant  advance  in  optical  filter 
technology.  They  provide  for  the  first  tine  a  narrow 
linewidth,  high  sensitivity,  wide  fleld-of-view,  and  wide 
spectral  coverage  sinultaneously.  These  filters  should  also 
be  relatively  Sinple,  coxapact  and  reliable.  As  a  result  of 
these  characteristics  ,  we  expect  LEOF  receivers  to  be 
utilized  In  in  nany  practical  applications  in  renota 
sensing,  optical  connunlcatlons,  and  any  other  application 
where  a  narrow  bandwidth  optical  signal  needs  to  be 
extracted  fron  strong  non-resonant  background  noise. 

LEOFs  are  atonic  resonance  filters  which  utilize  photon 
absorption  from  the  first  excited  state  of  an  atom  up  to  a 
higher  lying  level.  A  narrow  bandwidth  laser  Is  used  to 
punp  the  necessary  population  Into  the  aton's  first  excited 
state.  The  filtering  process  is  Initiated  by  photon 
absorption  fron  the  first  excited  state  of  the  aton  to  a 
higher  lying  level.  Subsequent  radiative  cascade  fron  the 
upper  level  of  the  absorbing  transition  results  In  the 
emission  of  blue-shifted  photons  proportional  to  the  number 
of  absorbed  photons.  Because  only  j^iotons  which  are  within 
the  doppler  width  of  a  particular  atonic  transition  are 
frequency  shifted  these  filters  are  Inherently  narrow 
bandwidth.  Thus  LEOFs  are  very  narrow  bandwidth  frequency 
shifters.  The  wavelength  shift  Is  typically  between  100  nm 
and  500  nn.  With  such  large  wavelength  shifts,  colored  glass 
can  be  used  to  Isolate  the  unshlfted  backgihund  radiation 
fron  the  photodetector  while  transnltting  the  blue-shifted 
(signal)  photons  to  the  photodeteetor.  Since  the  atonic 
absorption  of  photons  Is  an  Isotropic  process  these  filters 
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ar*  also  Intrinsically  wids  fisld  of  viav  .  Furthsraors, 
sines  ths  ksy  stop  in  this  filtar  is  a  sinpla  resonant 
absorption  process  single  photons  can  be  filtered.  Hence, 
this  optically  pxinped  filter  concept  aay  realize  a  very 
sensitive  quantun  counter. 

The  basic  LEOF  receiver  concept  consists  of  three 
parts.  The  first  part  is  a  prefilter  which  provides  coarse 
filtering  and  transmits  only  radiation  centered  around  the 
signal  wavelength  through  to  a  laser  pumped  atomic  resonance 
cell.  The  main  function  of  the  prefilter  is  to  eliminate  any 
violet  noise  photons  f.om  the  entering  the  atomic  vapor 
call.  The  second  nart  is  a  laser  pumped  atomic  vapor  cell 
which  acts  as  a  narrow  bandwidth  frequency  shifter,  this 
element  shifts  incident  photons  within  a  narrow  signal 
bandwidth  into  the  violet  spectrum.  Finally,  a  spectral 
filter  which  passes  the  shifted  radiation  and  blocks  the 
unshlftad  radiation  is  utilized  to  ensure  that  only  the 
shifted  violet  photons  reach  the  photo-detec ror  and  the 
background  noise  photons  are  effectively  rejected. 

The  net  result  of  sandwiching  the  atomic  vapor  cell 
between  the  prefilter  and  the  spectral  filter  is  that  no 
incident  light  can  be  detected  by  the  photo-multiplier 
unless  it  has  been  shifted  in  frequency  through  the  quantum 
absorption  process  in  the  atomic  vapor. 

A  simplified  theoretical  model  which  is  used  to 
calculate  the  laser  pump  power  required  to  achieve  a  given 
realizable  filter  quantum  efficiency  is  presented.  This  is 
the  first  LEOF  filter  model  which  includes  the  effect  of 
resonance  trapping.  The  effects  of  resonance  trapping  on 
both  the  laser  pump  power  and  the  filter  realizable  quantum 
efficiency  is  Included  in  this  model.  The  required  laser 
pump  power  will  be  a  dominant  factor  in  determining  the 
practicality  of  LEOF.  The  results  of  these  calculations 
will  be  presented  for  several  wavelengths  of  a  Rb  LEOF.  The 
model  calculations  show  a  highly  nonlinear  dependence  of 
laser  pump  power  on  the  realizable  filter  quantum 
efficiency.  In  addition,  these  results  demonstrate  that  a 
quantum  efficiency  of  >10%  should  be  possible  with  laser 
pump  powers  of  as  low  as  4  mW  per  square  centimeter  of 
aperture.  This  low  pump  power  is  significant  since  it 
eliminates  the  major  practical  problem  in  implementing  these 
filters,  i.e.,  the  complexity  of  the  pump  laser.  As  a 
result  of  this  lower  pump  power  requirement,  simple, 
efficient,  continuous  semiconductor  lasers  are  now  suitable 
sources  for  pumping  atomic  vapor  filters.  Single 
semiconductor  laser  arrays  have  demonstrated  output  powers 
of  several  watts.  Thus  single  szmiconductor  arrays  at  this 
power  level  can  be  used  to  pump  filter  apertures  as  large  as 
a  thousand  square  centimeters.  The  use  of  semiconductor 
lasers  as  the  excitation  source  for  laser-pumped  atomic 
vapor  filters  makes  these  filters  highly  practical,  because 
semiconductor  arrays  are  reliable,  efficient,  and  long  lived 
devices.  The  results  of  laser  power  versus  realizable 
quanttim  efficiency  calculations  for  the  532.4  nm  and  the 
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523.5  na  Rb  transitions  vill  bs  prsssntsd.  Tho  532.4  and 
523.5  na  transitions  corrsspond  to  ths  vavslsngths  of  ths 
doublsd  Nd:YA6  and  doubled  Nd:YLF  lasers  respectively  and 
hence  are  of  Interest  for  practical  laser  systeas.  However, 
aany  other  wavelengths  are  also  available  froa  alkali  LEOFs. 

1.  J.  A.  Gelbwacha,  C.  F.  Klein,  and  J.  E.  Weasel,  IEEE 
Journal  of  Quantiu  Electronics,  QE-14.  77  1970. 
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3.  Y.  C.  Chung,  J.  0.  Dobbins,  and  T.  M.  Shay, 
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find  shear  events  that  are  threatening  to  aircraft  safety  can 
potentially  be  detected  directly  frea  the  aircraft  by  Bopplar  lidar 
techniques.  The  requirenents  for  such  a  systen  are  sufficient  range  and 
reliability  under  realistic  conditions  to  provide  advance  earning  of  shear 
conditions.  With  reaote  wind  sensing  from  the  aircraft,  it  should  be  possible 
to  significantly  iaprove  aircraft  safety  by  allowing  pilots  to  better  respond 
to,  or  even  avoid,  wind  shear  events. 

As  a  starting  point,  we  have  evaluated  the  feasibility  of  wind  shear 
detection  froa  an  aircraft  using  existing  CO2  Doppler  lidar  technology. 
Coherent  CO2  lidars  have  well  proven  c^ability  for  reaote  wind  speed 
aeasureaent.  Bxperiaental  systeas  have  operated  froa  both  the  ground  and  irxm 
aircraft.  Solid-state  laser  technology  any  offer  a  acre  attractive  solution 
in  the  long  tern.  However,  at  present,  there  is  so  proven  solid-state 
technology  that  is  both  coherent  and  eye  safe.  Therefore,  we  have  chosen  to 
investigate  the  feasibility  of  a  nearer  tera  CO2  solution  to  the  wind  shear 
detection  problea. 
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BM«d  ea  aa  •stiaata  of  tho  porforamaea  aeodod  to  aupport  pilot 
OToidanco  of  aiad  ahomr,  ao  havo  arrivod  at  tho  lidar  porforaaaca  objoetiyes 
auaaariaod  ia  Tmblo  1.  While  tho  specific  yaluos  are  cortaialy  dabatablo,  tha 
gaaaral  faaturss  sabodiad  ia  this  spacificatioa  ara  iaportaat  if  tha  lidar 
^preach  ia  to  sao  actual  daployaaat.  The  cost,  poasr,  aad  roluaa  coastraiats 
of  this  apocificatioa  aero  ostablishsd  by  daaaadiag  that  tho  lidar  aot 
substaatially  degrade  tho  acooMics  or  the  logistics  of  aircraft  operatioa. 

Table  1.  Wind  Shear  Lidar  Objectiyas 


Direction: 

Range: 

Range  Resolution: 

Wind  Velocity  Resolution: 

Wind  Field  Update  lateryal: 
Weather: 

Sise  of  Optical  Head: 

Poaer  Input: 

Cost: 


Foramrd  Looking 
>3  ka 
<0.3  ka 

<2  a/sec  Along  Flight  Direction 
<8  a/sec  Traasyerse  to  Flight 
<1.0  sec 

Clear  Air  to  Reayy  Rain 

<0.1  a® 

<300  W 
<8100,000 


To  establish  laser  requireaente  for  such  a  lidar,  ae  hayo  exercised  a 
nodal  that  incorporates  the  effects  of  ataospberie  backecatter,  ataospberic 
traasaission,  aad  the  heterodyne  detection  process.  This  aodsl  includes  the 
effects  of  precipitatioa,  based  on  rolatiyely  crude  estiaates  taken  froa  a 
coapilation  of  literature  yalues.  Based  on  this  nodal,  one  can  deriye  a  aap 
of  required  CO2  traasaitter  perfomaaee,  which  is  suBaariaed  ia  Figure  1.  The 
bolded  curre  of  this  figure  indicates  a  region  of  pulse  energy  aad  FRF 
perfomaaee  that  can  aeet  the  desired  perforaaace  goals.  Liaits  on  PRF  are 
set  at  the  low  end  by  the  data  update  requireaeots  and  at  the  high  end  by 
signal  processing  throughput  capability.  The  high-end  FRF  limit  will  tend  to 
Boye  to  tho  right  with  tiae,  as  coaputing  technology  iaproyes,  aad  therefore, 
the  indicated  liait  should  be  treated  as  only  aa  indication  of  the  problea. 
ioweyer,  there  is  also  aa  absolute  upper  liait  established  by  the  propagation 
tiae  to  the  range  of  interest. 
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Figur*  1.  Ptrfonaiic*  lfa4>  of  CO2  Cohoront  Loooro  for 
Wiad  Shoor  Dotoetioa 

Figaro  1  olso  shoos  tho  porfomacs  of  s  oido  Tsriotj  of  sctosl  sxisting 
oohoroot  CO2  traasait^'ars.  It  should  bo  eloar  that  tho  noodod  porforssaeo 
oarolopo  is  sorrooadod  by  oxistiog  e^ability  for  a  oido  oarioty  of  dosign 
cosditioBS.  Consoqaootly,  tho  soloetioa  of  a  dosiga  poiat  bocoaos  a  aattor  of 
practical  eoasidoratioas. 

Polsod  oxcitod  CO2  lasors  goaorally  sealo  ia  siso  aad  ooight  oith  pulso 
oaorgy  rathor  thaa  arorago  pooor.  la  additioa,  siso  aad  ooight  aro  aoro 
ixportaat  eoasidoratioas  thaa  iapat  pooor.  As  a  rosolt,  tho  loo  PIF  rogioa  of 
Figaro  1  proros  to  bo  qoito  disadraatagooos.  fhilo  tho  dotailod  doriratioa 
lios  boyoad  tho  oeopo  of  this  papor,  tho  optiaoa  traasaittor  FIF  toads  to  fall 
ia  tho  raago  of  1000  Is,  as  a  eoapreaiso  botoooa  tho  avorago  pooor  scaliag 
i^ich  doaiaatos  at  Tory  high  FIF,  aad  tho  por  polso  oaorgy  scaliag  idiieh 
doaiaatos  at  vary  loo  FIF. 
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An  csaapl*  of  s  COq  Imaor  mppro^eh,  iriiidi  MtchM  this  1000  li  optima, 
is  a  Q-soitchsd,  e»-sseit«d,  low  prsssnro  disehsrct  toehaologjr.  Wo  hsTo 
adoptod  a  lasor  porforaaaeo  basoliao  of  2  aJ/pnlso,  at  2  kBs  PBF.  Other 
pulsed  COj  laser  technologies  can  poteatiallp  also  fulfill  the  requireaents. 

Figure  2  shows  the  predicted  perforaaace  of  the  proposed  systea  during 
rainfall,  along  with  a  tabular  suaaary  of  the  systea  paraaeters. 


Figure  2.  Predicted  Lidar  lange  in  tain 

In  the  past,  focused  cw  type  system  hare  been  demnstrated,  including 
actual  operational  in-flight  testing  by  the  BSBB  (Great  Britain). 
Unfortunately,  it  can  be  shown  that  for  constant  arerage  power,  the  systea 
signal/noise  scales  as  where  is  the  laser  pulse  length,  and 

is  the  interpulse  spacing.  For  the  proposed  ^proach,  this  factor  prorides  an 
sdrantage  of  n30  orer  cw  system,  which  corresponds  to  a  range  adrantage  of 
sore  than  5.  This  factor  is  mfficient  to  sake  true  cw  ^proaches  iapractical 
in  conditions  of  precipitation. 
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I ,  Introduction 

The  successful  remote  sensing  of  atmospheric  temperature,  humidity,  pressure, 
and  trace  gas  profiles  depends  ’jpon  a  detailed  knowledge  of  the  radiative 
characteristics  of  atmospheric  gases.  For  example,  existing  passive  remote 
temperature  and  humidity  sounders  utilize  Infrared  spectral  channels  that 
sense  atmospheric  CO2.  N2O.  O3.  and  H2O. 

The  retrieval  of  a  temperature  or  humidity  profile  from  the  observed 
atmospheric  radiances  using  Iterative  Inversion  techniques  requires  the 
ability  to  accurately  calculate  the  average  atmospheric  transmittance  across 
each  sounding  channel.^  Uhlle  reasonably  accurate  line  parameters  (strength, 
pressure-broadening  coefficients,  frequency,  and  lower-state  energy  level)  are 
available  for  these  calculations,  an  accurate  model  for  the  line  shape  must 
also  be  used  to  accurately  Internet  the  soundings. 

Line-by-llne  atmospheric  radiance  calculations  generally  assume  that  the 
observed  spectra  are  due  to  the  superposition  of  contributions  from  Isolated 
lines  having  Lorentz  or  Voigt  llneshapes.  This  Isolated  line  approximation 
can  break  down  when  rotatlonally  Inelastic  collisions  produce  Interference 
effects  among  overlapping  lines  during  the  absorption  process.  This  effect, 
which  we  call  line-mixing  appears  as  a  redistribution  of  the  Intensity  within 
a  band  and  has  Its  most  dramatic  effect  In  Q-branch  spectra  when  the  Q-branch 
profile  tends  to  narrow  as  the  pressure  Is  Increased.  This  Is  seen  most  often 
at  pressures  much  greater  than  one  atmosphere  In  Q-branches  with  very  small, 
rotational  spacings.  A  number  of  papers  treat  the  theory  of 'this  effect.^*** 

Present  sounders  such  as  KIRS  on  the  NOAA-9  satellite  and  the  Upper  Atmosphere 
Research  Satelllte(UARS)  Instruments  CLAES  and  ISAMS  utilize  CO2  Q-branch 
emission  to  determine  atmospheric  temperature  profiles.  Proposed  Earth 
Observing  System  (EOS)  passive  sounders  may  also  use  CO2  Q-branches  for 
atmospheric  sounding. 

We  present  here  the  first  observations  of  the  effects  of  collision  Induced 
line-mixing  In  self-.  N2-.  and  02-broadened  Infrared  CO2  Q-branch  for  total 
gas  pressures  up  to  1  atmmphere  using  a  tunable  diode  laser  spectrometer. 

The  experimental  absorption  coefficients  differ  by  as  much  as  65X  In  the  Q- 
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branch  wing  from  those  calculated  assuming  an  Isolated  Lorentzlan  line 
model.  We  have  also  developed  an  approach  which  uses  the  known  pressure 
broadening  coefficients  and  a  simple  energy  gap  scaling  law  to  model  the 
effects  of  11ne>m1x1ng.  Calculations  Incorporating  this  model  require  no 
additional  fitting  of  the  data  to  reproduce  the  experimental  observations  to 
within  the  accuracy  of  the  data  (standard  deviations  of  2-3X  for  self-  and  N2- 
broadened  spectra  and  approximately  5X  for  the  02-broadened  data). 

II.  Theory 

The  absorption  coefficient  may  be  written  In  the  framework  of  the  Impact 
approximation  as^ 


K(v)  -  5  n  dj  <J|C{>I  -  -  1PW]"^k>d^p,^l 

J  §1^ 


where  |J>  and  |k>  denote  doubled  state  vectors  or.  In  other  words,  radiative 
transitions,  dj  and  db  are  dipole  moment  matrix  elements,  P|^  are  density 
matrix  elements  that  give  population  differences  between  levels  Involved  In 
the  doubled  state  |k>,  Y  Is  a  diagonal  matrix  with  <J|V|k  -  and  v  Is  the 
frequency,  >1  Is  the  diagonal  matrix  <jhf  )k>  -  and  v.  1s*the  transition 
frequency  associated  with  the  doubled  stace  ]j>,  P  is  the  total  pressure,  N  Is 
the  absorber  number  density,  and  U  Is  the  relaxation  matrix  In  doubled  state 
space  or  what  Is  sometimes  called  line  space.  The  diagonal  elements  of  W 
are  the  pressure-broadened  halfwidths.  The  off-diagonal  W-matrIx  elements 
represent  -1  times  the  rate  at  which  collisions  transfer  Intensity  from  one 
line  to  another.  A  spectrum  corresponding  to  non-interacting  Lorentzlan  lines 
results  when  the  off-diagonal  elements  of  W  are  zero.  When  the  off-diagonal 
elements  of  W  become  large  enough  colllslonal  narrowing  of  the  Q-branch 
profile  takes  place.  All  of  the  parameters  required  for  the  calculation  of 
the  spectrum,  except  for  the  off-diagonal  elements  of  W,  can  be  obtained  from 
experimental  measurements. 


Our  approach  for  estimating  the  off-diagonal  W-matrIx  elements  Is  to  first 
model  the  rotational ly  Inelastic  state-to-st ate  rates  In  each  vibrational 
state  using  a  simple  rotational  energy  gap  law.*  The  off-diagonal  W-matrIx 
elements  are  then  equated  with  the  corresponding  Inelastic  transition  rate 
matrix  elements.  The  procedures  used  to  calculate  and  evaluate  W  have  been 
discussed  In  some  detail  In  our  recent  papers.^*” 

Ill  Experimental  Results 


Figure  1  Is  a  plot  of  the  self-broadened  Q-branch  of  the  (110,030) r-OOO 
CO2  band  centered  at  2076  cm-1.  The  experimental  data  were  obtained  using  a 
diode  laser  spectrometer  and  40  cm  cell.  Figure  2  Is  a  plot  of  the  same  CO2 
Q-branch  broadened  by  N2  taken  with  the  same  diode  laser  mode  and  a  40  m 
pathlength  obtained  with  a  White  cell.  The  total  pressure  In  both  cases  was 
720  torr  and  the  CO2  partial  pressure  was  7.2  torr  for  the  N2  broadened 
spectrum.  Both  the  observed  Q-branch  transmission  as  well  as  the  absorption 
coefficients  are  shown.  The  percent  deviations  of  the  experimental  absorption 
coefficients  from  those  calculated  assuming  the  both  an  Isolated  Lorentzlan 
line  model  (no  mixing)  and  our  model  Including  line-mixing  are  plotted  In  the 
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bottom  graph.  Clearly  the  theoretical  spectrum  that  Includes  11ne*m1x1ng 
reproduces  the  data  much  better  than  the  spectrum  calculated  without  line- 
mixing.  Ue  note  again  that  the  parameters  used  In  this  calculation  to 
estimate  the  line  mixing  were  not  obtained  from  fits  to  the  data  but  were 
calculated  directly  from  the  COo  line  widths  and  strengths.  Similar  results 
were  obtained  for  the  self-  and  O^-  broadened  spectra  at  total  pressures  of 
both  720  and  360  torr. 

IV  Conclusions 

Line-mixing  has  been  observed  for  the  first  time  In  the  Infrared  absorption 
spectrum  of  a  foreign  gas  broadened  CO2  Q-branch  at  pressures  of  up  to  one 
atmosphere.  The  experimentally  determine  absorption  coefficients  are  up  to 
65S  lower  In  the  Q-branch  wing  and  20S  larger  Inside  the  Q-branch  than  those 
calculated  assuming  an  Isolate  Lorentzlan  line  model.  A  procedure  based  on 
the  use  of  a  slirile  energy  gap  scaling  law  has  been  shown  reproduce  the 
effects  of  llne-nixing  to  the  level  of  the  uncertainty  In  the  data.  The 
excellent  agreement  of  the  calculations  with  the  observed  spectra  should 
provide  confidence  In  similar  calculations  for  other  Infrared  Q-branches 
particularly  those  Q-branches  In  the  thermal  Infrared  which  are  candidates  for 
use  In  remote  sensing  applications. 
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1  Introduction 


Routioaal  coUiiiual  aarraariag,  or  Um  Runog.  baa  racaotly  bam  datactad  hi  tba  Q>braacb  apactra  of 
two  »  »  S  baada  of  COa  oaar  2000  cin~‘  for  both  atl^  aad  No^faaoodmiog  |14i*  Tba  abawoid  bm  nixiagi 
wbkb  ia  caoaad  by  rotatiooally  ioalaatic  roHiaioaa  that  predoca  iotaifaraoca  aS^  auiog  aworiappiog  liaaa 
doriag  tba  abaorptim  precaaa  |S,4|  waa  fooad  to  altar  abaorptim  eoancimta  by  aa  mcb  aa  8SX  io  tba 
wioga  of  tboao  Q>braacbaa.  Tbia  papar  cooaidarB  tba  iatooaca  of  f^faraacb  ounag  m  atoMopbark  radiatiaa 
traoafar  oaar  tba  atroog  Q  braa^  of  COj  at  IS  itm. 

Advaocad  aateUiU  boroa  iofrarad  ataraapbark  tanparatora  aooadata  baaa  bam  prapeaad  that  will  datact 
afioapbark  amkaim  io  tba  ragwo  of  tba  tn  Q  braacb  at  15  pm  wkb  mocb  bigbar  naolotim  tbm  axktiog 
matramaota  aocb  aa  tba  HIRS  aooodar  m  tba  NOAA«9tatallita.  lacraaaaa  ia  raaolatim  to  O.Scm~*  or  battar 
ariU  dramatkally  iacnaaa  tba  aaaaithnty  of  tba  aooadiaga  to  tba  COo  baa  abapa.  A  caadidaU  platform  for 
a  BOW  bigb  raaolotma  iafrarad  aooadar  k  tba  pcopoaad  EOS  (Eartb  Obaaraiag  Syalm)  to  bo  placad  m  tba 
Spaca  Platform  |S|.  Wapraamt  bara  cakalatioaa  ^  baa  auxiag  ia  tba  as  Q  braacb  aaiag  tba  aam  tbaaratkal 
formolatim  that  aoceoaafally  pradktad  liaa  miaiag  to  m  aecaracy  of  battar  tbm  lOX  ia  tba  3000 cm~'  COa 
f^brmcb  apactra.  Oar  ramlta  ara  praaaatad  aa  btigbtaam  tamparataiaa  at  tba  top  of  tba  aaitb’a  ataaoapbara. 
Tboaa  brigbtaaaa  tamparataraa  eomapoad  to  radiaacaa  amra^  oaar  a  0.S  cm**  wida  cbamal. 

2  Theory  of  Line  Mixing 


Tba  abaorptioR  eoaffickat  for  ovarlappiag  liaaa  may  ba  arrittm  ia  tba  fraawworb  of  tba  impact  approxi* 
matioB  aa  |3,4| 

b(i/)s  -IM 
a 

wbara  |y)  md  \k)  daaota  doablad  atata  aactora  or,  ia  otbor  arorda,  radiatiaa  traaaitioaB,  dj  aad  d*  ara  dipola 
arammt  matrix  akaMaU,  pa  ara  daaaity  matrix  alaaimu  that  giaa  popolatioR  diffarucu  batwam  kaak 
iaaolaad  ia  tba  dublad  atata  |b),  v  k  a  diagoaal  matrix  with  0|*'l^)  *  <'^>a  aad  v  k  tba  faogamcy,  ¥„  k 
tba  diagoaal  matrix  01'  ~  *'>  ■>  *Sa  iraaaitioB  fraqaaacy  oaoociatid  aritb  tba  doablad  atata 

0),  P  k  tba  total  pro  V  k  tba  abaorbar  aambor  daaaity,  md  W  k  tba  rotoxatim  matrix  ia  doablad 
atata  apaca  or  what  k  •.  .kiaiaa  callad  liaa  apaca.  If  aiixiBg  k  oaiy  allowod  batwam  tba  Q  braacb  liaaa  tba 
diagoaal  akawata  of  W  arc  tba  Q-brmcb  praooara  broadmiag  coaflicimla  aad  jji),  jk)  rapramat  tba  Q>brmcb 
traaaitioaa.  Tba  off-diagual  matrix  akmmta  of  W  art  tba  aogatiaa  of  tba  rata  at  wbkb  rollkioat  traaafar 
iataaaity  from  oac  liaa  to  mother.  If  thaao  matrix  oloBMata  an  aaflkkatly  aamU  tba  apactram  bacoaioo  the 
aam  of  aoa-iatcractiag  Loraataim  liaaa. 

Tba  W  matrix  akmoau  are  cakalatcd  by  way  of  a  acaliag  law  that  paraaiatriaca  rotatioaal  eaergy 
traaafar  aa  a  faactioa  of  the  eaergy  gap  batwaaa  tba  rotatioaal  aaargy  kaak.  Tba  precedarca  followed  bare 
to  gcacrata  tba  W  matrix  ckmeata  arc  aimilar  to  tboaa  daacribed  ia  Rcfa.  1  aad  2.  Tba  praaaara  broadcacd 


I 


(1) 
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kalKrUtk  for  •  oiacio  Ino  cu  bt  wnUoa  ao 

E  E 

whwo  Wff  it  tko  prirro  btooJwwg  ceoflcitat  of  Q(y)<  oa^  Xj'j  >•  kbo  folKiioo  rate  for  troaoitioao  firoM  j 
to  f  wMim  a  oiaflo  vibratioMi  oUla.  Tbo  odd  wfatiooal  lovdo  aro  ooiwiag  ia  tba  pooad  alato  of  COa  doo 
lo  MKkar  ojPMiMtfy  roqoiroioni  ao  tbo  a«a  ovor  jl,^„  ia  tbo  lowor  vibratioaal  lovol  iaciadoo  oa)r  atatoo 
of  ovoa  j.  Tbo  aaai  oror  -  ia  tbo  appor  bool  iaciadoo  aU  j  valaao  oacopt  for  tbo  ■iooiag  ■  0 

loooL  Tbo  factor  of  Caro  ia  tbo  oaai  owor  tbo  groaad  atato  lalaaatioa  ratoa  laio^  tbo  fact  that  ia  tba  greoad 
vteaaioaal  baal  tbo  doaoity  of  ratatioBal  atatoo  ia  oao  half  that  of  tbo  appor  atbracioaal  load. 

fbr  aa  oaorgotkally  aparaid  traaaitioa  tbo  otato-coiotato  ratoa  aro  oM'lolod  aritb  tbo  foUoariag  acaliag  law, 

Kii  -  •i(r./r)*  ‘  "**  «P  (^2^) .  (s) 

arbara  oi,  oa,  aad  as  aro  tbo  paraaMtora  to  bo  dotorauaod.  Ootailod  balaaco  givao  tbo  ratoa  for  oaorgotkally 
doaraward  traaokioao,  Tbo  COs  rotatioa  coaotaat.  B„  *■  0.4  cm~‘,  k  iaclodod  ia  tbo  pooror  law  portioa 
of  Eg.  3  to  giro  oi  tbo  aait  of  a  rate.  Tbo  (X./T)'*  *  tena  proridca  tbo  baid  opbora  part  of  tbo  colHoioa 
rate  wbilo  tbo  oxpoaoatial  term  prooidoo  a  paraaieter  to  dooeribo  tbo  temporataio  or  volocky  dopoadoaco 
of  tbo  collkioB  crooa  ooctioao.  Tborc  k  ao  aaaaraaco  that  tbo  roaahiag  acaliag  law  k  pbyaically  naaoaablc 
boyoad  tbo  roqoirod  iacioaao  ia  tbo  crooo  ooctioao  oritb  toatporataic.  Tbo  It  oat  ogaoroo  dotoimiaatioa  of  oi. 
Os  aad  as  waa  poifonaod  ooiag  widtbo  for  jf  x  2  to  SO  at  aia  temporatano  botwooa  200  aad  2S0K  oa  dw 
loft  baad  oido  of  Eg.  2.  Tbaao  oridtbo  woro  oaoamod  to  vary  wkb  tomporatara  aa  (H/T)*’’*  ia  accordaaco 
arkb  aamtroaa  oxporioMatal  oboorvatioaa  |6|.  Tbo  abaorptioa  coefickata  ara  tbea  calcalatod  fay  lottiag 
-Ki'ftj  ft  j',  wbkb  followofroBi  tbo  aaoamptioa  that  tbo  collkka  rate  k  iadopfdoat  of  vifaratioaal 

Oaeo  tbo  rolaaatiea  matrix  okmoata  aro  dotormiaod  tbo  apoetram  caa  bo  cokaloted  ia  a  atraigbtforward 
maaaor  aoiag  Eg.  1.  For  frogaoacko  aoar  tbo  IS  ism  COs  Q  faraacb  ohmc  of  tbo  radiaace  at  tbo  top  of  tbo 
almoopboro  cooioa  ftom  prtaooreo  looa  tbaa  200  torr.  Ia  tbk  caae  tbo  Sfat>ordor  approaimatioa  for  Eg.  1 
doriood  by  Roooakraoa  |7|,  wbkb  k  oxact  ia  tbo  low  pramaro  limit,  k  oaSckatly  accorato  aad  waa  oaod  ia 
tbk  work. 


3  Radiative  TVanefer  and  Atmospheric  Model 


Aaaaauag  a  plaao  parallol  atmotphero  ia  local  tbormodyaamk  oqailifariom  aad  aogligibk  acattoriag,  oao 
caa  orrite  tbo  nwaocbioatatk  radiaaco  at  aadir  at  tbo  top  of  tbo  ataMopbom  aa 

it,  -  c„EL,(r.)r.(P.)  +  (4) 

orbara  c,,  k  tbo  amkaivity  of  tbo  tarface,  a,  aad  Bv{T)  k  tbo  Plaack  foaetka  for  omitted  radiaaco  of  a 
Uackbody  at  frogaoacy  v  aad  tomporatore  T,  r^lP)  k  tbo  atmoopkerk  traaamittaaco  from  proaoarc  P  to 
tbo  top  of  tbo  atmoopboro  aad  Bl  rtpriaoata  tbo  coatribatka  of  redoctod  radiatioa,  wbkb  k  aogligibk  ia 
ear  caae.  Dao  to  tbo  atroagtb  of  vs  of  CO3,  aMMt  of  tbo  radiaaco  origiaatea  bom  primaroa  km  tbaa  200  toir 
ao  tbo  aaifaco  term  k  ako  aogligabk. 

Badiaacm  were  cakolated  botwooa  064  aad  070  cm~',  a  apcctral  region  that  k  of  iatoriat  for  oooadiag 
tbo  a^or  tropoopboro  aad  tbo  atratoapbere.  Tbreo  tomperataro  proSka  comepoadiag  to  omatbly  mean 
aooa%  averaged  climatologkal  tomperataro  proSko  for  April  at  40*  N  aad  Jaanaiy  at  20*  N  aad  70*  N  were 
cboooB  for  tbcae  cakalatkne.  Tbceo  tbreo  proike  aro  gnito  different  k  tbo  region  of  tbo  tropopaaac.  Tbo 
Jaaaary  20*  N  profik  baa  a  bigb,  abarp  tropopaaac  wbik  tbo  Jaaaary  70*  N  proSk  bm  a  low  tropopaaae  aad 
aa  almoot  kotbormal  regkn  tbrongh  macb  of  tbo  otratoophore.  The  April  profik  k  iatormodiate  boCwoon 
tbom  two. 
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Two  ndiMK*  calcolatioM  wort  porforreod  for  eacli  of  tlio  tkior  cliaimtotocMai  om  witk  lio*  mixiog 
ud  tiM  Mcood  withoot  line  mixiag.  TIm  radixacco,  eakaUud  at  a  reaolatioa  of  0.01  cm~',  were  tkea 
averaged  over  a  O.S  cm~'  aqaare  baadpua  to  aimalate  tke  raaolatioa  of  a  aatcUite  radiometer  before  beiag 
coaverted  to  effective  brightacea  tcmperatorca.  A  66  layer  atmoapkerc  aad  liae  parametera  from  tke  AFGL 
Liae  Compilatioa  |8|  (except  tke  Q-braach  paraaMtera)  were  aaad.  Oaly  the  Q>braach  liaea  of  the 
faadamcatal  were  allowed  to  mix.  Tke  H3O  coatiaaom  ia  iacladed  ia  tke  calcalatkma  bat  coatribatea  very 
little  to  tke  radiaace  aear  tke  atroag  vj  Q  braack. 

4  Results 


The  differeacea  betweea  tke  brigktaeaa  temperatorea  cakalated  witk  aad  witkoat  mixiag  for  each  of  the 
climatologica'  temperature  profiler  are  akowa  in  Fig  1.  Aa  acea  ia  tkia  figure  liae  mixing  effecta  may  alter  the 
brightneaa  temperatorea  by  more  than  3  K  at  667  cm**  directly  below  the  Q>branch  head.  Thcae  deviationa 
are  dependent  upon  the  profile,  aad  for  aome  profilea  line  mixiag  changca  the  calculated  temperaturca 
by  much  leaa.  A  weak  dependence  of  the  brightneaa  Umperature  on  line  mixiag  ia  due  in  part  to  the 
fact  that  for  some  profilea  the  regiona  being  aeaaed  by  the  chaaneb  are  in  a  relatively  iaothermal  part  of 
the  atmoaphere.  However,  3  K  effccta  are  aignificantly  larger  than  projected  reqnirementa  of  1  K/km  for 
temperature  profilea  obtained  from  future  infrared  aoundera.  Several  other  weaker  CO}  Q  branchea  are 
currently  being  inveatigated  for  uae  in  temperature  aourdiag  |5|.  Theae  weaker  Q  branchea  emit  radiation 
from  lower  parta  of  the  atmoaphere  that  are  not  aa  iaothermal  aad  thua  their  brightneaa  temperatorea  may 
be  more  aenaitive  to  line  mixing. 

Clearly,  liae  mixing  can  play  a  aignificant  rob  in  atmoapheric  radiative  tranafer  for  CO}  and  may  affect 
the  retrieval  of  atmoapheric  temperature  profilea  fmm  future  aatellite  radiometera  operating  in  the  IS  ftm 
apectral  region.  Several  of  the  propoaed  channeb  for  future  infrared  temperature  aoundera  which  aenae  in 
the  mid  to  upper  atratoaphere  are  centered  in  the  apecuai  region  ahown  in  Pig  1  where  mixing  affecu  the 
apectmm  moat  aeverely.  The  effecta  of  mixing,  if  ignored,  will  introduce  calibratioa  errora  in  radiometer 
channeb  that  are  spectrally  very  cloae  to  each  other.  Thb  deleau  one  advantage  of  uaing  CO}  Q  branchea 
for  sounding,  the  ability  to  use  sounding  channeb  that  are  very  cloae,  and  which  are  therefore  affected 
similaurly  by  calibration  errors  and  atmospheric  effects  that  vary  slowly  in  frequency. 

5  Conclusions 


Calculated  equivabnt  brightness  temperatures  at  the  top  of  the  earth’s  atmoaphere  may  be  lowered 
by  more  than  3  K  when  the  effecta  of  line  mixing  are  included.  Thus  atmospheric  temperature  retrieval 
methods  which  are  dependent  upon  a  model  of  atmospheric  transmittance  should  include  these  effects  if 
the  retrieval  products  are  to  be  accurate.  Laboratory  studies  of  room  temperature  line  mixing  in  higher 
frequency  CO}  Q'branchea  broadened  by  N}  and  by  O}  have  shown  that  line  mixing  can  be  accurately 
calculated  if  the  standard  line  parameters  are  known.  Thb  line-mixing  model  should  be  suflicbntly  accurate 
for  atmospheric  radiance  calculations  in  the  15  pm  CO}  Q-branch,  if  temperature  dependencies  are  ignored. 
Tke  temperature  dependence  of  line  mixing  has  not  yet  been  measured  in  the  laboratory,  thus  our  methods 
for  including  temperature  effects  await  experimental  confirmation. 
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INTRODUCTION 

For  over  a  decade,  the  technique  of  infrared  heterodyne 
spectroscopy  has  provided  sub-Doppler  resolution  spectra  of 
planetary  atmospheres  from  Earth-based  telescope  facilities.  The 
goals  of  our  current  local  oscillator  development  program  are 
twofold:  (1)  to  design,  build,  and  demonstrate  a  totally 
automated,  compact,  space-qualifiable  engineering  model  of  an  RF- 
excit>^«i  C02  laser  local  oscillator;  and  (2)  to  extend  the 
lifetimes  of  such  lasers  to  a  degree  where  they  can  be  seriously 
proposed  for  longterm  near  earth  or  planetary  flight  missions. 
The  current  status  of  these  two  research  areas  is  discussed. 

AUTOMATED  LASER  LOCAL  OSCILLATOR 

A  photograph  of  the  brassboard  automated  LO  is  shown  in  Figure  1. 
The  unit  is  approximately  51  cm  long  by  33  cm  wide  by  10  cm  high 
and  is  powered  by  a  28  volt  source  through  a  single  connector. 
The  system  is  built  onto  an  aluminum  baseplate  which  contains 
five  cooling  channels  for  carrying  away  heat.  A  block  diagram  of 
the  automated  laser  local  oscillator  is  shown  in  Figure  2.  With 
the  exception  of  an  IBM  Personal  Computer  interface  board,  all  of 
the  components  of  the  block  diagram  are  contained  in  the  laser 
head  pictured  in  Figure  1. 

The  C02  laser  LO  is  powered  by  an  RF  drive  unit  consisting  of  a 
144  MHz  oscillator  and  an  all  solid  state  amplifier.  The 
excitation  RF  power  is  computer-controlled  up  to  the  amplifier 
maximum  of  30  Watts  via  a  programmable  variable  attenuator  at  the 
input  to  the  RF  amplifier.  A  monitor  circuit  measures  the  RF 
output  of  the  attenuator  and  relays  it  to  the  control  computer. 
An  impedance  matching  circuit,  attached  directly  to  the  laser 
body,  matches  the  50  ohm  output  of  the  amplifier  to  the  1800  ohm 
laser  plasma  resistance  following  gas  breakdown. 

The  waveguide  C02  laser  body  is  constructed  from  stainless  steel 
and  contains  a  50  cubic  centimeter  gas  reservoir  which  allows  gas 
in  the  small  active  laser  region  to  be  replenished  thereby 
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txtendlng  the  life  of  the  laser.  The  active  waveguide  is  9  cn 
long  and  has  a  1.5  nw  square  bore  formed  by  a  thin  flat  beryllium 
oxide  (BeO)  plate  on  top  of  a  BeO  U-channel.  The  B7  power  is 
input,  via  a  spring-loaded  plunger,  to  a  gold  electrode  stripe 
implanted  in  the  outer  surface  of  the  thin  plate.  A  second  gold 
electrode  implanted  in  the  outer  surface  of  the  ceramic  U-channel 
serves  as  the  ground  electrode  and  is  mechanically  pressed 
against  a  thin  stainless  steel  plate  which  is  conductively 
coupled,  in  a  thermal  as  well  as  electronic  sense,  to  the  rest  of 
the  stainless,  steel  housing.  The  ends  of  the  waveguide  are 
terminated  by  a  96%  reflecting  output  mirror  and  a  zinc  selenide 
Brewster  window.  The  laser  is  intentionally  undercoupled  (at  the 
expense  of  output  power)  to  permit  operation  on  several  low  gain 
lines  and  to  increase  intraline  tunability. 

A  150  line  per  mm  ,  first  order  Littrow  grating  in  close 
proximity  to  the  zinc  selenide  Brewster  window  forces  the  laser 
to  operate  on  one  of  the  available  vibration-rotation  transitions 
in  the  9  to  11  micron  region.  The  grating  is  rotated  about  the 
intersection  point  of  its  reflecting  surface  with  the  waveguide 
axis  by  a  stepper  motor  driven  optical  mount.  This  permits  the 
selection  of  the  operating  transition  by  the  system 
microprocessor  in  either  a  preprogrammed  or  interactive  mode. 
Figure  3  indicates  the  approximately  60  transitions  in  the  9  and 
10  micron  bands  which  have  been  observed  to  date  from  the  9  cm 
long  discharge.  Power  observed  in  the  zero  order  grating 
reflection  is  comparable  to  the  power  out  of  the  98%  coupler 
suggesting  that  the  grating  loss  is  on  the  order  of  2  or  3%. 

The  Littrow  grating  is  mounted  on  a  multistac)c  piezoelectric 
translator  (PZT).  Application  of  1  Kilovolt  DC  to  the  stack 
results  in  an  approximate  6  micron  change  in  the  stack  length 
which  runs  nearly  parallel  to  the  resonator  axis  of  the  laser. 
This  permits  tuning  over  a  full  free  spectral  range  of  the 
resonator.  The  precise  operating  wavelength  within  a  given 
transition  can  be  selected  by  applying  a  DC  bias  voltage  to  the 
PZT.  The  computer  accomplishes  this  via  a  D/A  converter  output  to 
a  remotely  programmable,  high  voltage  power  supply.  A  high 
voltage  stack  PZT  was  chosen  over  a  low  voltage  bender  bimorph 
type  translator  ,  which  resead}les  a  vibrating  drum  head,  because 
of  the  former's  greater  alignment  stability  and  relative  lack  of 
low  frequency  mechanical  resonances. 

Host  of  the  laser  power  is  directed  out  of  the  plane  of  Figure  1 
by  a  beam  splitter  to  a  second  level  which,  in  the  final  full 
heterodyne  spectrometer,  is  envisioned  to  contain  the  photomixer, 
low-noise  preamplifier,  and  an  acousto-optic  spectrum  analyzer. 
The  remainder  is  directed  by  a  series  of  beamsplitters  into 
auxiliary  circuits  which  provide  absolute  wavelength  verification 
or  wavelength  stabilization  and  control. 

He  have  attempted  to  provide  good  passive  stability  in  the 
operating  laser  wavelength.  Low  ripple,  low  drift  rate  HV 
supplies  have  been  selected  for  the  PZT  control.  The  structure 
supporting  and  maintain!. ig  the  distance  between  the  laser  end 
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reflectors  has  been  constructed  entirely  froa  low  expansion. 
Super  Invar  which  has  a  theraal  expansion  coefficient  of  about 
3x10-7.  This  support  structure  is  kineaatically  attached  to  the 
aluainua  baseplate  so  that  the  aluainua  baseplate  and  stainless 
steel  laser  housing  are  free  to  expand  without  stressing  the 
Super-invar  resonator  structure  or  changing  the  laser  beaa 
alignaent.  Nevertheless,  noraal  changes  in  the  aabient 
environaent  would  be  expected  to  result  in  wavelength 
instabilities  which  exceed  the  one  MHz  target  for  high  resolution 
heterodyne  spectroscopy  of  planetary  ataospheres.  Thus,  a  portion 
of  the  laser  output  is  passed  through  a  10  ca  long  confocal 
etalon  controlled  in  teaperature  to  about  O.OloC.  Operation  of 
the  laser  can  be  stabilized  to  any  point  on  the  C02  transition 
gain  curve  by  applying  a  DC  bias  voltage  to  the  etalon  PZT, 
applying  a  second  DC  bias  voltage  to  peak  the  etalon 
transaission,  and  then  dithering  the  etalon  resonator  length  by 
applying  a  low  voltage,  400  Hz  sinusoid  to  the  etalon  PZT 
terminals.  Phase  sensitive  detection  of  the  aodulated  AC  output 
is  then  used  to  detect  a  drift  of  the  laser  frequency  froa  the 
etalon  set  point.  This  generates  an  error  voltage  which  is  added 
to  the  laser  PZT  bias  to  lock  the  laser  to  the  etalon  set  point. 
Since  the  etalon  fringe  width  is  on  the  order  of  7  to  10  MHz  and 
the  laser  is  expected  to  have  reasonably  good  short-term  passive 
stability,  stabilization  at  the  sub-Megaherz  level  should  be 
possible. 

Since  mechanical  wavelength  references,  such  as  the  etalon,  are 
not  immune  to  long  term  shifts  in  their  calibrated  parameters,  a 
miniature  differential  absorption  spectrometer  was  included  in 
the  package.  As  the  C02  laser  frequency  is  scanned  by  the  laser 
PZT,  the  spectrometer  observes  the  radiation  through  two  gas 
cells  -  an  empty  reference  cell  and  one  containing  an  absorbing 
gas  such  as  NH3.  This  permits  an  unequivocable  identification  of 
the  C02  transition  and  provides,  if  necessary,  an  absolute 
wavelength  reference  for  inflight  recalibration  of  the  grating 
drive  and/or  frequency  stabilization  etalon. 

LASER  LIFETIME 

With  respect  to  laser  lifetime,  six  of  eight  sealed-off  RF- 
excited  lasers  built  under  the  program  survived  beyond  10,000 
hours  (1.14  years)  of  continuous  operation,  four  exceeded  20,000 
hours  (2.28  years),  and  two  functioned  for  over  30,000  hours 
(3.42  years).  The  average  life  of  the  lasers  was  18,000  hours  or 
slightly  more  than  two  years  which  is  more  than  adequate  to 
support  an  interplanetary  mission  such  as  the  Mars  Observer.  In 
many  cases,  lifetimes  were  shortened  by  failures  in  cooling 
systems  which  were  not  immediately  detected  and  allowed  the  laser 
housing  temperature  to  rise  as  high  as  80  C.  Some  lasers 
recovered  in  a  few  days  when  cooling  was  restored  while  others 
suffered  permanent  reductions  in  power.  In  most  cases,  a  gas 
refill  brought  the  power  back  to  its  original  level  which 
suggests  that  outgassing  at  elevated  temperatures  may  have  been 
responsible  for  premature  failure  of  these  tubes. 
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Electrooptic  Phase  Modulation  Gas  Correlation  Spectroradiometry 
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Recent  work(l)  has  demonstrated  a  new  type  of  gas  correlation  spectroscopy  where  electrooptk 
phase  modulation  of  a  molecular  spectrum  together  with  selective  absorption  by  a  reference  gas  is 
used  to  quantify  the  abundance  of  a  gas  phase  species  selectively.  The  use  of  electrooptic  phase 
modulation  for  gas  correlation  measurements  is  a  significant  enhancement  of  the  gas  correlation 
technique  because  it  provides  a  means  for  remotely  measuring  winds  as  well  as  atmospheric  species 
abundances  and  temperature  in  the  stratosphere  and  meaosphere[2,3]. 

Wind  speeds  are  measured  with  this  technique  by  determining  the  wind  induced  Doppler  shift  in 
the  naturally  occuring  infrared  atmospheric  emission.  Doppler  shifts  measured  with  a  gas  correla- 
tion  wind  sensor  viewing  the  earth  limb  have  contributions  from  spacecraft  velocity,  earth  rotational 
motion  and  atmospheric  winds.  These  contributions  amount  to  an  observed  Doppler  shift  of  <w  600 
MHz(3].  Doppler  shifts  are  measured  by  determining  the  minimum  in  the  gas  correlation  signal  as 
a  function  of  the  phase  modulation  frequency.  The  wind  speed  measurement  capabilify  requires 
efficient  phase  modulators  (EOPMs)  that  operate  at  frequencies  near  600  MHs  and  tune  over  an 
80  MHs  range.  Previous  work[l]  demonstrated  the  technique  with  100  MHs  phase  modulation.  In 
this  paper  we  present  laboratory  gas  correlations  measurements  made  with  high  efficiency  EJOPMs 
working  at  frequencies  near  600  MHs  and  performance  measurements  of  a  tunable  (±  55  MHs)  600 
MHs  EOPM. 

Electrooptic  phase  modulators  operate  by  the  linear  electrooptic  effect  where  a  change  in  the 
index  of  refraction  of  a  material  is  induced  by  an  electric  field.  This  work  has  focused  on  cad* 
mium  telluride  {CdTe)  modulators  which  are  suitable  for  applications  in  the  midinfrared.  Phase 
modulation  is  accomplished  by  applying  a  sinusoidally  varying  voltage  across  a  properly  oriented 
crystal  of  CdTe.  This  induces  a  sinusoidal  variation  in  the  index  of  refraction  of  the  crystal  so  that 
light  passed  through  it  undergoes  a  periodic  retardation  of  phase  velocity — phase  modulation.  The 
effect  of  phase  modulation  on  a  spectral  line  is  to  redistribute  the  radiation  into  a  series  of  upper 
and  lower  sidebands  that  are  separated  from  the  input  line  by  multiplies  of  the  frequency  of  the 
sinusoidal  voltage  applied  to  the  CdTe  crystal.  The  relative  intensity  of  a  given  order  sideband  is 
described  by  the  square  of  the  Bessel  function  of  the  same  order. 

The  argument  of  the  Bessel  functions,  a  quantity  called  the  modulation  index,  is  determined 
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by  th*  daetrooptic  eoeffldeat  of  th*  cryatal,  tbo  oriontatioo  ud  dimeomoiia  of  tho  erystol,  tho 
of  (he  applied  voltage  and  the  wavelength  of  the  light. 

Our  ^proech  to  building  tunable  600  MHi  modulatoie  hae  been  to  incorporate  1.5  x  1.5  x  50 
nun’  CdTe  crystal!  into  a  high*Q  aeries  LC  resonant  circuit.  In  these  circuits  the  crystal  and  in 
the  tunable  versions  a  tunable  air  spaced  c^Mcitor  serve  as  the  aeries  Xhe  inductor 

is  constructed  from  a  copper  plate  with  a  length  chosen  to  provide  the  resmiant  inductance  (<«>  7.5 
cm)  and  a  width  equal  to  the  length  of  the  CdTt  crystal  (5.0  cm).  A  mica  or  air  spared  raparitnr 
in  parallel  with  the  aeries  LC  is  used  to  impedance  match  the  circuit  to  a  broadband  that 

supplies  the  RF  drive  power.  Using  this  approach  it  has  been  possible  to  construct  EOPMs  that 
operate  between  300  and  700  MHs,  depending  on  the  length  of  the  inductoTi  with  tuning  ranges  in 
excess  of  100  MHs.  Modulation  indices  greater  than  0.7  have  been  achieved  with  leas  than  4  W  of 
average  drive  power. 


Fig.  1.  Schematic  of  Laboratory  setup  for  electrooptic  phase 
modulation  gas  correlation  measurements. 


Electrooptic  phase  modulation  gas  correlation  measurements  are  made  with  the  modulators 
using  the  setup  shown  in  Fig.  1.  A  100  cm~*  portion  of  the  vi  band  of  iVjO  near  8  /un  is  «— d  for 
the  lab  measurements.  Nitrous  <nide  is  the  tracer  species  of  choice  for  wind  measurements  in  the 
20  to  40  km  altitude  range.  Measurements  are  made  in  absorption  in  analogy  to  solar  «rniltation 
atmospheric  measurements  uring  a  simple  glow  bar  as  the  light  source  and  a  1  cm  path  length 
sample  gas  cell  to  simulate  the  atmosphere.  In  the  experimental  setup  the  broad  band  light  from 
the  glow  bar  with  the  NjO  absorpti<w  spectrum  imposed  is  directed  through  the  EOPM  and  then 
through  a  1  cm  path  length  reference  gas  cell,  also  containing  JVjO,  and  is  imaged  onto  a  cooled 
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mwcury  cadmium  tallurida  datactor.  Tha  apaetral  ragioB  rf  intnaat  ia  iaolatad  with  a  band  paaa 
filtar. 

Tha  gaa  conalatkm  aigaal  ia  ganaratad  by  aquarawava  modulating  tha  RF  power  to  tha  EOPM. 
Thia  gteea  riaa  to  tha  gaa  corralation  aignal  dua  to  ehaagea  in  tha  ^Mctral  lina  overlap  of  aample  gaa 
and  tha  refaranca  gaa  apactra  induead  by  phaaa  nwdulation.  Thia  gaa  corrdation  aignal  produead 
with  a  600  MHa  EOPM  for  NiQ  ia  ahown  ia  Pig.  2  aa  a  function  of  aampla  call  praaaura  for  a  fixad 
refaranca  call  preaaura.  Tha  opadtiaa  batwaaa  0  and  10  torr  apan  tha  raaga  that  would  ba 


Fig.  2.  NiP  Gaa  Correlation  aignal  with  600  MHa  phaae  modulation  for 
a  reference  cell  preaaure  of  60  torr  and  (^lOO  torr  aample  ceU  praaaurea. 


obaerved  from  an  orbiting  platform  in  a  20  to  40  km  altitude  limb  view  of  earth.  The  characteriatic 
shape  of  the  curve  is  determined  by  the  amount  of  NiO  in  tha  sample  cdl  and  the  linewidths 
of  the  Np  absorption.  At  low  ptesaures  where  the  absorption  linewidths  are  small  compared 
to  the  phaaa  modulation  frequency  the  signal  increases  with  the  amount  of  Np  in  the  sample 
cell.  At  higher  pressures  where  the  absorption  lines  become  saturated  and  pressure  broadened  the 
signal  decreases  with  increasing  sample  amount.  This  effect  results  when  the  absorption  linewidths 
become  comparable  to  the  modulation  frequency  and  the  phase  modulation  induced  side  bands  lie 
within  the  linewidth  of  the  unmodulated  spectral  line.  This  high  preaaure  region  is  not  sampled 
in  the  remote  sensing  application  but  the  behavior  of  the  curves  at  high  pressures  has  been  useful 
for  accessing  our  models  of  the  effects  of  phase  modulation  on  molecular  spectra.  These  results 
demonstrate  that  EOPMs  can  be  used  to  generate  a  gaa  correlation  ngnal  at  the  modulation 
frequencies  required  for  remote  sensing  of  winds,  species  and  temperature.  They  have  validated 
our  numerical  models  of  the  interaction  of  atmospheric  spectra  with  EOPMs  and  the  atmospheric 
wind  sounder  concept. 
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Th*  ncMfch  dcscrilMd  in  khts  p«p«r  WM  p«rfomMd  *k  th«  J«t  Piopoliioa  Labontory,  Califocau 
lastitiit*  of  IbchiMdogy,  undor  cootraet  with  tho  Notionol  Aorooantics  oad  Spieo  AdaBinktratioa. 
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An  exanination  of  Inversion  techniques  applicable  to 
bakseatter  data  from  resMte  sensing  systesw  has  been  nade. 
The  purpose  of  the  study  was  to  develop  an  inversion 
technique  that  could  be  used  with  reswte  sensing  systens 
under  developnent  at  the  Air  Porce  Geophysics  Laboratory 
(APGL). 

An  inversion  approach  has  been  developed  based  on 
fundasMntal  radiative  transfer  characteristics  of  the  atno- 
sphere.  The  approach  is  rooted  in  fundasMintal  physics  but# 
still#  does  not  elisdnate  the  problen  of  nore  unknowns  than 
equations.  For  the  approach  to  be  used#  one  nust  still  nake 
an  assusqption  about  the  type  of  aerosol  responsible  for  the 
backscattered  signal.  Prelininary  results  from  test  flights 
of  the  balloonborne  AFGL  renote  sensing  systen  will  be 
presented . 
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K  SfflMVM 

PuUle^len*  A  Infetsdiion  Qlracordta 
(Sowell  of  Seiwtlfle  A  Induebtiai  lloMaMh  ) 

HUlalde  ^ad 

Wee  Olhl  110012.  IMMA. 

In  optieai  roaete  oanaing  by  phet».roeDnndLss«iee  sdtoilltoo  or 
in  geeifid-obeorvdtlen  by  ortaiting  epeea  taioMopoe,  the  dirfradtloiw 
lleitad  tiMoretleal  reaoldbion  poaaibli^ia  dagradad  by  aeeidant ^  A 
elbrdteoy  notion  of  tho  InagLng  enoeri^  dofeeuoalng^  dbnopphaxle 
tuibulaneo  arfoeta  on  a^alllt»pletiiraa  tra)anittad,ate.  For  Inofcweo, 
tn  orbiting  wpaca  toioaoopo(hol(yit,ll»  27Slai  above  eatth)  with  m 
effecAlwe  focal  langth,^  ■  S7«6b  nid  oqtdppad  idth  a  SCO  cnMra  vAth 
plxol,4,*1S  eletona,  hao  a  thaorotlcal  roaolUblont 

R  »  (lul/f)  •  7.l6cn(.*)  on  grewdi  heuever,  in  practleo 
duB  to  iaag^dograddtlon,  tha  foaolbLa  roaoltilon^of  10-I5n  onlyCvhlGh 
r«i  bo  lopZDved  idth  rigid  adbelllte  lAtltudMontrelyto  V2e).  Xnere^ 
olng  the  plxela  fton  800  x  800  to  itiOO  x  1800  adbiix,  though  oouid 
Iqiteve  reaol Obion  4  tinea,  tMA  nakee  the  edbollite  ddbe-tr«naitting 
•itanna  inideldy.  Again  CCQ^i^led  ntdtiapaobrei  aowner  of  the  UWOSAT 
•owera^  hea  a  apaebral  bandiddth  of  1S0-2S0  nn  ae  againab  tho  deni  rad 
1(k-25  nn  bwduidbh  needed  for  high  reaoliibion  true  color  inagory  in 
ranote  aanelng.  High  reaol'Oblona  are  needed  in  identifying  r^>idly  noting 
nlaailo  targdba,  Thua,  idthoOb  reducing  pixel  aize,  it  ia  ahowi  poaaible 
uaing  Fourier  doeonvolObion  nobhoda,  to  achieve  any  doaired  roaoltiblena 

Ihe  baeie  prindplo  of  rebrlevlng  rooeliibion  in  dofoobivo  ranote. 
aanaing  inagory  ia  through  the  woil-iatovn  'ap^ial  froquaney  filtering* 
p^aed  by  Warchal  and  Croce  in  1953  aid  dovalopod  by  Gaorgo  3broko,jjLJ^« 
^f'stroka,  "Introduction  to  Coharant  Optica  A  HologrqihyC  Acadanic  Preaa 
Ine«,t8A),i89  odii  Phva^  Lett..  £|£,(1975) , 3B3_7*  BUb  thia  procedure  for 
inag^doblurrlng  uaing  tho  polnt.apraad  fwdion  Aa  tha 

blurred  inage  of  a  rofarahca  point  aourea  by  the  edtoUito  eanora(lv^ia 
ajaithoaizad  aa  Fourier  Traiafom  Holographic  Filter  doidaod  by  Sbceke)^ 
^liaa  to  a  aingio  choaan  wovolan^hi  it  ia  thua  iiqioratlvo  to  ekband 
;hia  work  for  dablurring  oniaur  loagoa,  invalidng  apectral  coaponantaC 
7k,  ‘X,  A.)*  However,  daviaing  helegr^hic  filter  db  each  of  the 
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thtM  trlgtiaULiM  also  IrttroduoM  "cwa  tik* 

In  tha  daeenvDlvad(eona«tad)  iaaga,  dua  to  ^  Aj*for  axa^pla.aa  in 
Laltn-l|iifcnailc8  eoleur  holoQT^hy  achana. 


In  tha  naw  oonvolUtlon  aathod  pzepoaad  for  oorroeting  dofoct. 
iva  Inaga  dLdttibUtion^;(.(ai))(  4  *  1»2,3»..n)  to  tha  truo(  dLffra> 
etion  llnltad)  inaga  wa  hava  tha  Inaglng  fialdOi^  4.j ■  1,2,..«n) 

®  -—(I), - 

hara  0  danotaa  'conwaltibion*,  ipdtial  aiiboeorraldtion  «td«  oonjuedta 
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Diode  Pumped  Solid  State  Lasers  For  ReiiM»te  Sensiiig 

RobeitL.  Byer  and  Thomas  J.  Kane 
Edwaid  L  Ginztoo  Laboraiofy 
Stanftxd  University 
Stanford.  CA9430S 
(415)723-0226 


The  potential  for  global  wind  sensing  from  a  satellite  platform  using  laser  sources  and  coherent 
Dotyler  radar  was  first  proposed  by  R.M.Huffaker{ll.  Tlie  inoqiect  for  global  remote  wind 
sen^^  motivated  our  work  at  Stanford  University  tou^  the  developomt  of  a  stdid  state  laser 
transnutfer  coherent  radar  system.  The  poteidalm  coherent  doptrier  wind  velocity  measurements 
using  N±YAO  was  evaluated  by  Kane,  Zhou  and  Byer  in  1984{2].  That  analysis  showed  the 
advantages  of  higher  fifequency  coherent  radar  for  inqjtDved  backscatieiing  and  for  improved  dqMh 
restdution  at  a  fixed  velocity  resolution. 

In  an  important  suep  in  1985,  Zhou,  Kane,  Dixon  and  Byer(3]  demonstrated  a  diode  laser  pum^ 
mondithic  Nd:YAG  oscillator  with  a  tfaimhdd  of  2mW,  a  sl^  efficiency  of  25%  and  a  bnewKldi  of 
KhtHz.  Almost  simultaneously,  Kane  and  Byet(4]  invented  the  nonplanar  ring  oscillator  with  the 
capability  single  fiequency  output  and  die  ad^^tage  of  immunity  to  feedback. 

When  combined  with  previous  progress  in  slab  geometry  lasers(5],  the  diode  laser  pumped  solid  state 
laser  oscillator,  coupled  with  single  mode  fiber  to  mixers  and  detectors  led  to  the  demonstration  of 
coherent  laser  radar  at  282THZ.  The  Stanford  Coberem  laser  radar  coherently  detected  backscatter 
fifom  clouds  and  from  clear  air(6].  It  comlnned  all  d  the  elements  of  classical  FM  radar  but  in  a 
ctMupact,  all  solid  state  laser  systm 

With  the  rapid  development  of  diode  laser  and  diode  laser  arrays,  it  has  become  possiUe  to  conceive 
of  an  all  solid  state  laser  radar  system  with  a  truismitfierefiBciency  of  greater  than  10%  wife  operating 
lifetimes  of  greater  than  20,000  hours  and  with  a  size  and  overall  power  requirements  tiiat  is 
consistent  wife  satellite  platforms,  ftogress  in  the  devdopment  of  diode  li^  array  pumped  sdid 
state  lasers  will  be  reviewed. 

The  diode  laser  punqied  Nd:YAG  could  potentially  have  met  all  of  the  laser  transmitter  requirements 
fix’ global  remote  wM  sensing  save  one;  ^safety.  Iforcdierenttranmission  and  detection,  the 
beam  most  remain  within  a  difnractkxilinutedqxx  at  the  surfece  of  the  earth.  The  power  density 
required  for  successful  wind  naeasurements  plam  die  intensity  at  the  surfece  of  die  earth  near  the 
eyesafety  lunit  for  1064nm  operation.  ToaUevimethisproUeni,wehaverecendydevelo|:^7]  acw, 
room  tenq>erBture,dkxle  laser  ixiinped2010nm  laser  source  in  ThKHoiYAG.  The  properties  ttf  this 
laser  source  will  be  described  and  the  potential  for  its  qiplication  to  global  wind  sensing  levewed. 
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Optical  R*not*  Sensing 


Janes  A.  Cutts  and  Martin  B.  Leipold 
Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena*  CA  91109 


Progress  in  tbe  developaent  of  solid-state  self-scanned  imaging 
arrays  for  reaot*  sensing  in  tbe  infrared  region  highlighting 
recent  developments  is  reviewed. 


236 


WO-l 


Sum  Frequency  Mixing  of  two  Tunabie  Nd:YAG  Lasers 
for  Sodium  Ruorescence  Lidar  Measurements* 


Til.J«ys 

Lincoln  Laboratory,  Massachusetts  Institute  of  Technology 
Lexington,  Massachusetts  02173  U.SA. 


An  interesting  coincidence  of  nature  is  that  by  sum  frequency  mixing  the  output  of 
two  appropriately  tuned  Nd:YAG  lasers,  the  sum  radiation  may  be  made  resonant  with 
the  sodium  D2  transition  wavelength.  By  exploiting  this  coinddence  we  have 

generated  high  power  pulsed  sodium  resonance  radiation.  We  plan  to  use  this  new 
source  of  sodium  resonance  radiation  for  characterizing  the  sodium  layer  in  the 
earth's  atmosphere.  Rgure  1  shows  the  cw  wavelength  tuning  curves  of  the  two 
Nd:YAG  laser  transitions.  The  1 .064  pm  laser  has  a  tuning  range  of  about  6  A  while  the 
1 .31 9  pm  laser  has  a  tuning  range  of  about  4  A.  By  operating  the  lasers  at  the 
wavelengths  indicated  by  the  arrows  in  Fig.  1  it  is  possible  to  generate  sodium 
resonance  radiation.  In  addition,  it  is  possible  to  easily  tune  the  sum  radiation  over  the 
complete  sodium  Doppler  absorption  profile. 

A  schematic  of  the  apparatus  for  sum  frequency  generation  of  sodium  resonance 
radiation  is  shown  in  Rg.  2.  The  output  of  two  simultaneously  Q-switched  etalon  tuned 
Nd:YAG  lasers  ( one  operating  at  1 .064608  pm  and  the  other  operating  at 
1 .319224  pm )  are  superimposed  and  made  to  propagate  coaxially  by  a  dichroic 
mirror.  The  combined  radiation  is  then  focused  into  a  lithium  niobate  crystal  held  at  a 
temperature  of  224  *C.  As  a  result  of  the  nonlinear  response  of  the  crystal  to  an  electric 


*  This  work  was  supported  by  the  Defense  Advanced  Research  Projects  Agency. 
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field,  radiation  is  generated  with  a  frequency  corresponding  to  the  sun)  of  the  two 
Nd:YAG  frequencies.  The  sum  r»jiation  is  then  directed  into  a  sodium  vapor  cell  where 
resonance  fluorescence  is  observed  whenever  the  sum  radiation  is  tuned  to  the 
sodium  absorption  transition. 

Both  Nd:YAQ  lasers  operate  with  a  pulse  repetition  rate  of  2  kHz,  pulse  lengths  of 
about  200  nsec.,  and  within  spectral  envelopes  of  1  GHz.  The  1 .064  pm  laser  operates 
with  an  average  power  of  2.45  Watts  while  the  1 .31 9  pm  laser  operates  with  an 
average  power  of  1 .2  Watts.  Under  these  conditions,  600  mWatts  of  average  sum 
power  is  generated.  This  corresponds  to  an  average  16%  conversion  efficiency  of 
Nd:YAG  radiation  into  sum  radiation.  The  sum  radiation  has  a  peak  power  of  about 
1 .5  kW  and  is  contained  within  a  spectral  envelope  of  2  GHz. 

Of  course,  laser  radiation  coincident  with  the  sodium  transition  is  usually 
obtained  from  dye  lasers.  However,  the  generation  of  pulsed  resonance  radiation  by 
sum  frequency  mixing  has  some  advantages  over  dye  lasers.  For  example,  this  source 
of  radiation  should  be  more  easily  scaled  to  high  powers  and  should  prove  to  be  more 
reliable  at  high  power.  In  addition,  tuning  of  the  sum  frequency  may  be  easily 
controlled  by  a  diode  laser. 

By  injection  seeding  a  1 .319  pm  Q-switched  Nd;YAG  laser  with  the  output 
radiation  of  a  GalnAsP/lnP  diode  laser,  the  Nd'.YAG  laser  could  be  frequency  tuned  by 
current  tuning  the  diode  laser.  In  the  absence  of  any  intracavity  frequency  selective 
elements.  10*^  W  of  diode  laser  seed  radiation  narrowed  the  spectral  envelope  of  the 
Nd:YAG  laser  from  >  8  GHz  to  »340  MHz.  By  quickly  current  tuning  the  diode  laser  we 
have  switched  the  frequency  of  a  Sidfz  Q-switched  Nd:YAG  laser  by  as  much  as  10 
GHz  on  a  shot  to  shot  basis. 

We  are  presently  configuring  our  laboratory  in  order  to  transmit  the  sum  radiation 
into  the  atmosphere  and  to  receive  the  fluorescence  from  the  mesospheric  sodium 
layer. 
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Figural .  CW  tuning  curves  of  the  two  Nd:YAG  lasers.  By  operating  each  laser  at  the 
wavelength  indicated  by  the  arrows,  it  was  possible  to  generate  sodium  resonance 
radiation. 
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Figure  2.  Schematic  of  the  apparatus  for  sum  frequency  generation  of  sodium 
resonance  radiation. 
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DUAL  ALBXANORZTB  LASBK  FOB  AUTONOMOUS  LZDAR  AFPLZCATZMIS 


John  J.  Dognan 

ZnatcuMnt  Bl«ctco>optics  Branch,  Coda  723 
NASA  Goddard  Space  Plight  Canter 
Graanbalt,  ND  20771 


ZNTBOOUCTION 

NASA's  Lidar  Atnospharic  Sensing  Bxperinent  (LASB),  a  joint 
effort  of  the  Langley  Research  Center  and  the  Goddard  Space 
Plight  Center,  is  a  first  step  toward  the  realisation  of  the 
agency's  goal  of  developing  autonomous  Differential  Absorption 
Lidar  (DIAL)  instruments  for  future  airborne  and  spaceborne 
remote  sensing  applications.  The  scientific  goal  of  the  first 
phase  of  the  LASB  program  is  to  measure  water  vapor,  aerosol,  and 
cloud  profiles  from  a  high  altitude  BR-2  (extended  range  U-2) 
aircraft.  The  science  motivation  and  overall  system  concept  has 
been  presented  previously  (!].  The  present  paper  will  discuss  the 
design  and  performance  characteristics  of  the  Tunable  Laser 
Subsystem  (TLS)  being  developed  at  the  Goddard  Space  Plight 
Center. 

A  simplified  block  diagram  of  the  overall  LASB  facility  is  shown 
in  Figure  1.  The  TLS  consists  of  five  subsystems  -  a  dual 
wavelength  Alexandrite  laser  head,  a  Laser  Control  Unit  (LCU),  a 
Laser  Thermal  Unit  (LTU),  and  two  Lamp  Driver  Units  (LDU's).  Bach 
of  these  is  described  in  the  following  sections. 

LASBR  CONTROL  UNIT 

A  modular  8-bit  National  Semiconductor  HA2802  CPU  is  the 
microprocessor  "brain"  of  the  TLS.  A  fiberoptic  RS232  port 
provides  two  way  communications  between  the  Langley  Command  and 
Data  System  (CDS)  and  the  Goddard  LCU  while  isolating  then 
electrically.  Through  the  LCU,  the  CDS  can  command  the  TLS  to 
fire  one  or  both  lasers,  move  to  new  operating  wavelengths,  or 
perform  wavelength  scans.  Zn  a  DZAL  experiment,  the  TLS  generates 
dual  on  -line  and  off-line  pulses  at  a  repetition  rate  of  Spps. 
The  rate  is  determined  primarily  by  prime  power  and  thermal 
considerations  in  the  aircraft. 

The  outgoing  pulses  are  sampled  by  a  high  precision  wavemeter 
which  relays  wavelength  information  to  the  CDS.  The  latter 
transfers  the  information  back  to  the  LCU  and,  if  a  wavelength 
correction  is  required,  the  LCU  makes  appropriate  adjustments  to 
the  tuners  in  the  laser  head  to  hold  the  laser  within  0.5  pa  of 
the  desired  wavelength.  Besides  monitoring  and  controlling  the 
other  subsystems  which  make  up  the  TLS  (as  outlined  below),  the 
LCU  also  controls  and  synchronizes  the  timing  of  the  overall  DZAL 
experiment  by  transmitting  a  TTL  precursor  pulse  to  the  CDS  near 
the  start  of  each  200  millisecond  fire  interval.  The  LCU  is  13.5 
inches  long  by  10  inches  wide  by  7  inches  high  and  weighs  17.5 
pounds . 
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DUAL  LASER  HEAD 

Th«  las«r  h«ad  contains  two  identical  Alexandrite  lasers  to 
generate  the  on  and  off  line  radiation  in  the  DIAL  water  vapor 
experiaent.  The  lasers  are  electro-optically  Q-switched  to 
provide  approxiaately  170  aJ  of  energy  in  a  160  nanosecond 
pulsewidth.  The  on  and  off  line  pulses  are  separated  spectrally 
by  70  picoaeters  (pa)  and  teaporally  by  about  400  aicroseconds 
although  both  paraaeters  are  adjustable.  The  teaporal  separation 
is  long  enough  so  that  a  coaaon  optical  receiver  can  record  the 
backscattered  wavefora  and  ground  reflection  of  the  first  pulse 
before  the  second  pulse  is  eaitted  but  short  enough  so  that  the 
on  and  off  line  pulses  see  the  saae  "ataosphere” . 

Coarse  tuning  of  each  laser  over  a  720  to  780  na  range  is 
accoaplished  by  a  stepper-aotor  controlled  5-plate  birefringent 
tuner.  The  spectral  llnewidth  of  each  laser  is  further  narrowed 
to  about  1  pa  by  two  angularly  tuned  intracavity  etalons  which 
are  also  controlled  by  stepper  aotors.  The  angular  positions  of 
the  six  tuning  eleaents  are  controlled  by  the  LCU  which 
references  software  tables  generated  during  preflight  laboratory 
calibration  experiaents.  Position  sensors  in  the  birefringent 
tuner  and  etalon  aount  asseablies  perait  accurate  deteraination 
(to  about  one  step)  of  a  reference  or  ”AT  HONE”  position  for  each 
tuner  during  flight. 

The  teaperature  within  the  ER-2  Q-bay  coapartaent  is  expected  to 
vary  between  15  C  and  40  C.  in  order  to  provide  good  wavelength 
stability  and  accurate  calibrations  during  flight,  the  six  tuners 
are  housed  inside  a  proportionally  controlled  oven.  The  oven 
controller,  located  in  the  LCU,  aaintains  the  teaperature  within 
4-  0.1  C  of  a  set  teaperature  slightly  above  aaxiaua  aabient. 

During  flight,  the  Q-bay  pressure  can  also  vary  froa  a  noainal 
sea  level  value  of  14.7  psia  to  3.5  psia  at  cruise  altitude.  To 
ainiaize  the  coaplications  of  a  changing  pressure,  the  lasers  are 
housed  inside  a  pressure  vessel  foraed  by  a  lightweight  but  rigid 
aachined  aluainua  isogrid  optical  baseplate  and  an  aluainua  half- 
cylinder  covering  aost  of  its  length.  The  all-aetallic  vessel 
also  helps  to  shield  nearby  subsysteas  froa  radiated  noise 
originating  froa  high  voltage  flashlaap  and  Q-switch  firings 
within  the  head.  As  an  additional  precaution,  no  data 
coaaunication  between  subsysteas  occurs  during  the  one 
aillisecond  interval  per  5pps  cycle  when  the  two  lasers  fire. 

The  laser  light  passes  through  two  windows  in  the  pressurized 
case  to  an  unpressurized  forward  optics  coapartaent  on  the  laser 
deck.  Approxiaately  88%  of  the  energy  in  each  beaa  (or  150  aJ)  is 
directed  through  a  five  power  beaa  expander  and  deflected  by  a  45 
airror  through  the  laser  baseplate  to  windows  in  the  aircraft 
fuselage  to  support  the  DIAL  experiaent.  A  series  of 
beaasplitters  directs  the  reaaining  12%  into  a  pyroelectric 
jouleaeter  for  inflight  aeasureaent  of  the  laser  energy,  a 
waveaeter  for  active  feedback  control  of  the  laser  wavelength, 
and  a  series  of  fiber  optic  cables  which  provide  synchronization 
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•nd  tiaino  (TOA,  TOB)  tlgnala  to  othor  LA8B  •ubsyotoas.  Tho  dual 
lasar  haad  la  46.8  inehaa  long  by  12  inehoa  wlda  by  9.67S  Inchaa 
high  and  woigha  about  95  Iba. 

LAHr  ORZVBK  UNIT 

Bach  Laap  Orivar  Unit  containa  a  1500  Watt  high  voltaga  powar 
aupply,  Pulsa  Foraing  Matvork  (FFM),  aiaaar  aupply*  high  voltaga 
laap  trigoar,  and  eoaputar  intar faea/eontrol  circuitry  for  ona 
laaar.  Following  ionisation  of  two  aariaa  laapa  by  tha  triggar 
circuit*  a  DC  *kaap  aliva*  currant  of  0.5  aaparas  is  aaintainad 
by  tha  siaaar  supply.  Tha  high  voltaga  powar  supply  chargas  tha 
60  aicrofarad  anargy  storaga  capacitors  in  tho  FFN  to  a  valua 
ranotoly  sot  by  tha  LCU  up  to  a  naxinun  valua  of  2.95  KV  or  260 
Joulas.  At  tha  and  of  tha  charga  cycla*  tha  LTU  varifias  tha 
voltaga  on  tha  LOU  capacicors  and  tha  prasonco  of  ainaar  currant 
prior  to  issuing  a  flashlanp  fira  cosusand.  Tha  capacitor  is  than 
dischargad  through  tha  lanps  in  a  220  nicrosacond  pulsa  (batwaan 
10%  points). 

Sines  tha  Alaxandrita  lasar  gain  varias  strongly  with  wavalangth 
at  a  givan  punp  laval,  tha  LCU  salacts  an  initial  FFN  charging 
voltaga  baaad  on  intarnal  softwara  tablas  gonaratad  during 
laboratory  calibrations.  This  naintains  tha  circulating  optical 
powar  at  a  safo  laval  ovar  tha  full  tuning  ranga  of  Alaxandrita. 
Xf  tha  output  anargy  of  aithar  lasar  oxcaads  or  falls  short  of 
tha  dasirad  valua  as  datarninad  by  tha  joulanatar  in  tha  lasar 
haad*  tho  LCU  adjusts  tha  raspactiva  PFN  voltaga  accordingly 
within  a  ranga  of  tha  tabulatad  valua  to  allow  for  raasonabla 
variations  in  lasip  output*  fiald  alignaant*  ate. 

Bach  LOU  weighs  65  lbs  and  is  19.5  inchas  long  by  14.5  inches 
wide  by  7  inchas  high.  Tha  najor  heat  generating  alanants  are 
aountad  on  a  watarcoolad  stainless  steal  basaplata.  For 
additional  cooling*  a  low  noise  brushless  fan  draws  air  froa  tha 
Q-bay  through  an  BMI  screen*  circulates  air  through  tha  unit*  and 
exhausts  it  into  tha  Q-bay  through  a  second  BHI  screen.  To 
further  reduce  radiated  BNI*  a  triaxial  cable  is  used  batwaan  tha 
LDU  and  tha  lasar  haad  and  RFZ  gaskets  and  filters  are  used 
throughout.  Furtharnore*  since  tha  LDU's  are  not  pressurised*  all 
high  voltaga  conponants  are  encapsulated  or  confornal-coatad  to 
prevent  arcing  or  corona  at  altitude. 

LASBR  THBRHAL  UNIT 

The  LTU  contains  a  i  gpn  low  tanparatura  loop  (LTD  for  cooling 
tha  lasar  flashlanps  and  powar  supplies  and  a  1  gpn  high 
tanparatura  loop  (HTL)  for  independently  controlling  tha 
tanparatura  of  tha  two  Alaxandrita  rods.  Tha  HTL  control 
tanparatura  is  sat  ranetaly  between  43  and  80  C  by  tha  LCU  based 
on  internal  tablas  of  optinun  tanparatura  versus  wavalangth.  To 
reduce  weight*  tha  LTL  and  HTL  loops  share  a  connon  coolant  and 
an  air-prassurisad  bellows  reservoir.  To  naintain  systan  purity 
ovar  extended  periods*  tha  LTU  uses  a  deionised  water  coolant*  an 
all  stainless  steal  design*  and  contains  particulate  and 
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daionising  filtart.  A  imf  haatar  in  tha  HTL  loop  can  raisa  tha 
rod  taaparatura  at  a  rata  of  3.2  dagraas  par  ainuta.  During  lasar 
oparations,  aicroprocassor-controllad  solanoid  valvas  parait 
laakaga  of  lowar  taaparatura  coolant  froa  tha  LTL  into  tha  HTL  to 
coapansata  for  haat  dapositad  by  tha  flashlaaps  into  tha  rod  and 
aaintain  tha  HTL  taaparatura  within  a  1  C  control  bandwidth.  Tha 
LTD  box  ia  10.375  inchas  long  by  28  inchas  wide  by  9.62S  inches 
high  and  weighs  51.25  pounds  whan  filled  with  coolant. 

During  flight,  approxiaataly  2.8  Kilowatts  of  haat  deposited  into 
the  LTL  is  transferred,  via  a  liquid-to-liquid  haat  exchanger  in 
tha  LTU,  to  a  60/40  ethylene  glycol/  water  aixtura  in  tha  Langley 
TharsMl  Control  Unit  (TCU).  Tha  TCU  in  turn  exchanges  tha  heat 
with  air  flowing  through  a  liquid-to-air  RAM  exchanger  on  the 
bally  of  tha  aircraft. 
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lha  raqoirad  chancberlatlfiB  of  laaar  acuroaa,  looCh  pilaad  and  an,  are 
ikni  i  iriwT  and  lUuatrated.  Tactaology  qaMtlcm  in  attaining  qaantun 
1  ayatan  petfoaaamoa  are  briefly  outlined. 
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Development  of  Coupled-Cavity 
Laser  Diodes  for  Remote  Sensing 


Richard  K.  DeFreez,  Richard  A.  Elliott, 
Joseph  Puretz,  and  Jon  Orloff 
Oregon  Graduate  Center 
10600  N.  W.  Von  Neumann  Drive 
Beaverton,  OR  97006-1999 


Summary 


Several  recent  developments  in  diode  laser  technology  such  as 
multiple  emitter  phase-locked  arrays  and  epitaxial  growth  of  materi¬ 
als  that  can  be  used  to  make  lasers  which  emit  at  wavelengths  rang¬ 
ing  from  the  visible  through  the  near  infrared  make  these  devices 
attractive  candidates  as  sources  for  spectroscopic  applications  and 
remote  sensing  systems.  The  perceived  advantages  of  diode  lasers 
include  efficiency,  small  size  and  weight,  and  direct  modulation  capa¬ 
bility.  But  in  fact  mode  hopping  under  current  modulation, 
wavelength  drift  with  temperature,  and  their  relatively  broad 
linewidths  make  conventional  diode  lasers  less  than  ideal  sources  for 
laser  spectroscopy.  Elaborate  stabilization  schemes  and  external  cavi¬ 
ties  are  often  used  to  overcome  these  shortcomings. 

The  invention  of  the  cleaved-coupled-cavity  (C^)  diode  laser  a  few 
years  ago  introduced  a  new  level  of  sophistication  to  diode  lasers. 
Two  section  coupled-cavity  diode  lasers,  of  which  the  laser  is  an 
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example,  are  three  terminal  devices  which  allow  the  two  sections  of 
the  laser  cavity  to  be  driven  with  different  currents.  In  effect  one  sec¬ 
tion  can  be  considered  to  be  an  electronically  tunable  Fabry-Pm’ot 
etalon  which  controls  the  wavelength  of  the  laser.  Line  narrowing 
and  improved  secondary  mode  suppression  are  also  observed  with 
these  devices. 

The  major  problem  with  lasers  is  their  fabrication  which 
involves  cleaving  a  laser  die  and  repositioning  and  precisely  aligning 
the  two  cleaved  sections.  Ideally  the  width  of  the  air  gap  between  the 
two  cavities  should  be  a  small  integral  number  of  half-wavelengths  to 
maximize  the  coupling  efficiency  and  it  is  also  desirable  to  be  able  to 
choose  the  length  of  the  two  cavities.  However  the  cleaving  process  is 
not  capable  of  the  precision  required  for  reliably  producing  devices 
with  the  desired  properties. 

At  OGC  we  have  recently  developed  a  micromachining  facility 
utilizing  a  focused  beam  of  ions  from  a  liquid  metal  source.  This  sys¬ 
tem  produces  a  0.25  nA,  20  keV  beam  of  Ga*^  ions  focused  to  a  250 
nm  diameter  spot  which  may  be  scanned  with  50  nm  precision  over  a 
working  area  of  a  few  square  millimeters.  The  focused  ion  beam 
(FIB)  sputter-etches  semiconductor  materiab  at  a  rate  of  approxi¬ 
mately  0.25  p.m^sec~^  and  can  be  used  to  micromachine  grooves  and 
other  features  in  wafer  surfaces.  The  process  is  so  precise  and  gentle 
that  optically  smooth  surfaces  can  be  formed  wherever  needed  on  a 
diode  laser  die  to  produce  output  mirrors,  coupling  etalons,  and  turn¬ 
ing  mirrors^" 

Micromachined-coupled-cavity  (MC^  diode  lasers  have  been 
fabricated  with  the  FIB  system.  These  include  modification  of  com¬ 
mercial  devices,  ten  emitter  phase-locked  arrays,  and  broad  area  long 
wavelength  devices.  The  commercial  devices  are  Mitsubishi  ML-4102 
AlGaAs  diode  lasers  with  nominal  emission  wavelength  of  786  nm. 
When  modified  to  form  MC^  lasers  they  can  be  tuned  to  two  discrete 
modes  separated  by  30  A  and  each  mode  can  be  continuously  tuned 
over  3  A.  Secondary  mode  suppression  of  more  than  25  dB  is 
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observed.  The  phase-locked  arrays  are  Xerox  PARC  AlGaAs  lasers 
which  when  micromachined  to  form  coupled-cavity  lasers  produce  50 
mW  in  a  single  tunable  longitudinal  mode. 

TV  long  wavelength  devices  are  fabricated  from 
InP/Ino.s3Gao,47As/InP  double  heterostructure  material  grown  by 
MOCVD  which  produces  lasers  emitting  at  1.65  p.m.  This 
wavelength  lies  in  the  2v3  overtone  band  of  methane  hence  these 
lasers  are  a  potential  source  for  methane  DIAL  systems.  The  perfor¬ 
mance  characteristics  of  MC^  lasers  fabricated  from  this  material  are 
being  determined  and  their  suitability  for  use  in  methane  detection 
systems  evaluated. 
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ZASER-EXCZTEO  OPTICAL  FILTER: 

EXPERIMEMTS  IN  Rb  VAPOR 

by 

T.  M.  Shay  and  J.  0.  Dobbins 

Los  Alaaos  National  Laboratory 
P.O.  Box  1663 
CLS-5  MS/E535 
Los  Alaaos,  N.M.  87545 
(505) -667-8390 

and 

y.  C.  Chiui? 

Utah  Stats  Univsrsity 
Ospartaant  of  Elsetrical  Enginasring 
Logan,  Utah  84322 
(505) -667-8390 

Narrow  bandwidth  optical  sourcas  ara  raadily  availabla; 
howavar,  tunabla  narrow-bandwidth,  wida  fiald-of-vlaw 
optical  flltars  ara  not  availabla.  Lasar-axcitad  optical 
f 11 tars  (LEOFs)  ara  in  princlpla,  tunabla  narrow-bandwidth, 
wida  fiald-of-viaw  optical  filters.  LEOFs  can  sixultanaously 
provide  high  resolution  (O.OOl  nn) ,  wide  field  of-viaw  (2»), 
and  high  quantua  afficlancy.  These  davicas  ara  ideally 
suited  for  extracting  weak  naxrrow  bandwidth  signals  burled 
in  strong  nonrasonant  optical  background  radiation. 
Potential  applications  of  these  flltars  include  raaote 
sensing,  laser  cosaunications,  laser  radar,  detection  of 
Raaan  radiation,  atonic  spectroscopy,  etc. 

We  report  the  first  daaonstration  of  a  LEOF  in  Rb  vapor 
and  in  addition  the  first  puaping  of  a  LEOF  with 
saaiconductor  lasers.  In  our  axpariaants,  the  Rb(5p2p«y,) 
laval  is  populated  by  the  absorption  of  8.7  aW  of  laker 
power  froB  a  frequency-stable  saaiconductor  laser  tuned  to 
the  Rb(5s^Sw2  “  ®P^^3/2J  transition.  A  cw  tunable  dye  laser 
is  used  as'  a  optical  test  oscillator.  The  dye  laser 
frequency  is  scanned  through  the  572  na  Rb(5p  to  7d) 
transition.  Nhen  the  dye  laser  photons  are  absorbed  by  the 
Rb(5p)  atoBS,  violet  sidelight  fluorescence,  froa  excited  Rb 
atoms  is  observed  at  wavelengths  of  421,  359,  and  335  na 
and  is  detected  by  a  photoaultiplier.  Thus  ve  are  perfomlng 
a  laser  Induced  fluorescence  experiaent,  where  572  na 
photons  are  absorbed  and  violet  photons  are  ealtted  froa 
excited  Rb  atoas.  There  is  no  detectable  signal  on  our 
photoaultiplier  tube  idien  the  dye  laser  is  tuned  off  the  572 
na  Rb  transition  and  a  strong  signal  is  detected  when  the 
dye  laser  is  tuned  to  the  572  na  transition.  Furtheraore, 
the  full-width-at-half-aaxlaua  of  the  sidelight  fluorescence 
is  aeasured  to  be  1.18  GHz  ,  in  good  agreeaent  with  a 
calculated  doppler  width  of  1.02  GHz.  The  results  of  these 
experiaents  will  be  presented. 
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in  Airborne  Polarisation  Lidar  for  Sounding  Clouds 
and  ttiderlylng  Surface 

Aal.Abramoohkln.  V«V*BurkDv,  V.S.ZueT,  I«V,SaB»khTaloT» 

V.laSbamanaeY 

Xhe  Inatitute  of  Atmospberio  Optica t  Siberian  Branch 

USSR  Acadeoqr  of  Soienoesf  Sonsk,  634055 •  USSR 

She  Inforotation  on  the  scattering  coefficient  of  clouds  and 
their  phase  state t  as  well  as  on  the  presence  of  oriented  par¬ 
ticles  can  be  obtalnedt  and  the  classification  of  an  underly¬ 
ing  surface  can  be  made  based  on  the  analysis  of  lidar-retum 
polarization. 

An  optical  schematic  of  the  Ildar  ''Svetozar-3'*  is  shown  in 
Pig.1.  Here  1  is  a  laser  with  a  radiation  waYeltfigth  532  nm; 
2(12  are  phase  plates  A/4i  3  is  a  Clan  prisms  4  is  a  light- 
scattering  caYitys  5(6  are  phototubes;  7(8(9(11  are  lenses; 

10  is  a  diaphragm;  13  are  interference  filters;  14  is  a  Wollas¬ 
ton  prism;  15(16  are  photomultipliers.  She  lidar  has  three  si¬ 
milar  receiYing  telescopes  with  lenses  9  of  0.1  m  diameter 
which  are  symmetric  about  a  transmitting  lens  8. 

Xhe  lidar  operates  in  seYeral  modes.  1  -  At  each  laser 
flash  the  prism  3  turns  at  a  glYen  angle  thus  making  the  tran¬ 
smitter's  polarization  plate  to  rotate  about  a  reference  plane. 
A  block' consisting  of  a  prism  14  and  photomultipliers  15(16 
also  rotates  in  synchronism  with  prism  3*  Polarisation  planes 
of  the  receiYing  channel  of  the  transmitter  remain  coplanar. 

2  -  Priam  3  is  remoYed(  diaphragm  10  is  the  same  in  all  three 
channels.  Zhe  laser  transmitter  has  circular  polarization,  and 
the  Stokes  Yector  of  the  receiYed  lidar  return  can  be  deter¬ 
mined  based  on  the  signals  from  all  the  photomultipliers.  3  - 
Plate  2  is  also  refflOYed(  diaphragms  10  are  different.  She  tran¬ 
smitter  has  linear  polarization (  but  the  lidar  return  is  re- 
oelYed  from  three  different  fields  of  Ylew.  Thus  multiple  sca¬ 
ttering  can  be  taken  into  account. 

The  recording  system  consists  of  a  multichannel  digitizer 
with  a  25  ns  InterYsl  and  6  bit  accuracy (  a  microcomputer  (  a 
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▼ld60  termtaali  a  disc  recorder  and  corresponding  interfaces. 

Zbe  Ildar  power-supply  system  has  been  developed  for  an 
airborne  electric  circuit  115  400  Hs. 

Tor  sounding  clouds*  sea  and  Earth's  surfaces  from  board  of 
several  types  of  aircrafts  a  slanted  mirror*  which  changes  the 
original  state  of  light  polarisation*  should  be  used.  Such  va¬ 
riation  Can  be  taken  into  account  by  utilising  a  mirror  reflec¬ 
tion  matrijc.  Tor  a  single  radiation  passage  it  has  a  fora  1 

(1C  0 

0  coi29-sh^2e  2cos29siii2& 

0  ’2cos29sin29c0sA  (coho'- sin 29)cosJ3 
0  2cos29slp29sinA  Hcoh9-slh9)sinA 

Hare  9  is  the  angle  between  a  mirror  normal  projection  on  the 
plane  perpendicular  to  the  lidar  optical  axis  and  a  reference 
plane,  in  elllpaometrlcal  angle  A  depends  on  an  angle  of  ra¬ 
diation  incidence  to  a  metallised  mirror  surface  p  •  Tor  the 
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angles  (pmO^i  20*;  40*  and  60*  lO)*,  17D«,  155*  and 

120**  raapactlvalj’*  Whan  9  ■  45*  the  oirsror  rafleotlon  nat- 
rlz  la  slapliflad  to 

too  0 

0-10  0 

0  0  ^coiA  sin  A 

0  0  coSA 

lb  determine  the  Stokea-veotor  componenta  at  laaar-beam 
circular  pclarixation  it  ia  sufficient  to  use  signals  firom 
four  photomultipliers 

Si=Fi0"0)*F(90Uy,  S2=Fi0°0)-FtS0‘,0)-  (3J 

S)3=F(‘iS‘0)-F(i35]oy,  Sk  ^Fik^^^m-FdiS^A/ti). 

Figure  2  shows  both  calculated  and  esqperimental  dependen¬ 
ces  of  the  distance  aL  between  the  maxima  of  polarlaed 
F(t«0*t0)  and  cross-polarised  F(t, 90^,0*)  components  of  a  Il¬ 
dar  return  on  the  cloud-scattering  coefficient  G”  • 

Figure  3  illuatrates  the  probability  density  histograms  F 
of  the  depolarization  values  ^  obtained  at  sounding  the  upper 
layer  of  sea  water  (a) •  wet  ice  (b) t  and  ice  covered  with  wet 
snow  (c)  •  The  possibility  of  detecting  oriented  particles  in 
the  atmosphere  is  shown  in  Fig*  4*  Zhis  is  a  result  of  simula¬ 
ted  experiment*  Zhe  lidar  in  the  circular  polarisation  mode 
sounded  the  wire  gauze  of  vertically  oriented  metallic  fila¬ 
ments  of  thickness  0.1  mm*  Zhe  curve  illustrates  the  depo¬ 
larization  dependence  on  the  rotation  angle  ^  counted  off 
from  a  reference  plane.  Zhe  problem  of  polarization  sounding 
is  considered  in  more  detail  in  [2>3]* 
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In  raeant  yaara  Diffarantial  ^sorption  (DIAL)  aaaaurananta  In  tha 

A'band  of  nolacular  oxygan  hava  baan  suggastaT'*^  aa  a  aaana  of  profiling 
acaoaphorle  varlablaa  such  aa  tanparatura,  praasura,  and  danalty.  Laaar 
soureaa  of  pul.aad,  tunabla  (760  •  770  m)  and  narrow-bandwldth  (0.02  -  0.03 
ca*^)  radiation,  having  a  high  dagraa  of  apaetral  purity  (>99%)  In  thla  raglon 
of  tha  oxygan  A*band,  ara  thua  hl|^ly  daalrabla.  Thla  papar  raporta  on  tha 
currant  atata  of  prograaa  In  our  laboratory  afforta  In  thla  flald. 

Connarclally  avallabla  ^a  laaara  can  aaat  tha  tunablllty  and  llnawldth 
raqulrananta  for  tha  DIAL  aourcaa,  but  ara  uaually  found  to  hava  aoaa 
aapllflad  apontanaoua  anlaalon  (ASE).  Tha  ASE,  balng  broadband  In  natura, 
raaulta  In  a  non^abaorbad  conponant  whan  auch  a  laaar  la  tunad  to  tha 
raaonanca  fraquancy  of  abaorptlon  llnaa.  Evan  1%  of  ASE  can  naka  an 
abaorptlon  naaauranant  Inaeeurata.  Hanea,  graat  affort  la  naadad  In 
allalnatlng  any  aourca  of  ASE,  naanly  by  conaarvatlvaly  puaplng  tha  dym  laaar 
oscillator  and  by  optically  laolatlng  tha  aapllflara  by  aaana  of  aparturas  and 
wedgad  dtya  call  wlndowa. 

Bacauao  tha  parforaanea  of  dya  laaara  dacllnaa  fairly  rapidly  with 
Increasing  vavelangth  above  700  na.  It  la  advantageous  to  utilize  tha 
affect  to  ganarata  radiation  efficiently  at  tha  flrat  Stokaa  fraquancy.  The 
necaaaary  tunablllty  la  retained  In  tha  laaar  puap.  Bacauaa  of  thalr  very 
aaall  colllalon  broadening  coafflclanta^,  hydrogen  and  dautarlun  gaaaa  allow 
the  praaervatlon  of  tha  narrow  llnawldth  output  froa  tha  <tya  laaar,  at 
preaauraa  In  tha  call  of  up  to  about  14  ataoapharaa  (*>200  pal). 

Exportoantal  Satu^^  dlagraa  of  tha  axperlaental  arrangaaent  la  ahown  In 

Figure  1.  Thla  versatile  aatup  allowed  ua  to  conatantly  aonltor  tha 
parforaanea  paraaetara  of  tha  laaar  ayataa.  A  fraquaney-doublad  Hd:YAG-puaped 
Quanta-Ray  PDL-2  dya  laaar  (aodlflad)  waa  used  In  ^a  axparlaanta  reported 
hare.  A  high  flnaaaa  atalon  (F-30)  waa  uaad  to  obtain  a  alngle  node, 
narrowband  (0.02  ca*^)  output  at  760  -  770  na  and  577  •  583  na.  Tha 
correapondlng  pulaa  anerglaa  ware  20  aJ  and  40  aJ.  Radiation  In  tha  760  •  770 
na  apaetral  region  waa  either  generated  directly  In  a  (tya  laaar  or  waa 
produced  by  Raaan  ahlftlng  tha  vlalbla  <fya  laaar  radiation  at  577  •  583  na  In 
H2.  Tha  shift  In  Ho  la  4155  ca*^,  idilch  corresponds  to  tha  frequency  of  the 
doalnant  vibrational  phonon  flald.  The  Raaan  call  length  waa  1  a,  and  the 
beaa  waist  was  located  In  tha  canter  of  tha  call  to  keep  the  power  density  on 
the  windows  at  a  alnlaua.  The  beaa  eonfocal  paraaeter  waa  always  auch  less 
than  tha  length  of  tha  call,  balng  of  tha  order  of  10  ca  for  tha  2  a  focal 
length  lens  and  leas  for  tha  others. 
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Th«  laaar  llncwldch  was  Masurad  with  a  Fabry* Faroe  intarfaromtar  (Tae* 
Optica  FP*1).  Tha  wavalangth  of  aithar  lasar  was  aonltorad  both  with  a 
wavaaatar  (Lasartachnles  100  OOP)  and  by  raeordlng  a  high  rasolution 
absorption  spaetrua  obtalnad  with  tha  Uhlta  call.  Tha  Uhlta  call  conslstad  of 
two  high  rofloctlvlty  alrrors  of  4.8  a  radius  of  curvatura  and  30  ca  dlaaatar, 
saparatad  by  2  a. 

Rasttlt;  Tha  Raaan  convarslon  afflclancy  to  tha  first  Stokas  lino  was  aaasurad 
as  a  function  of  tha  baaa  confocal  paraaatar,  tha  prassura  of  H2.  and  tha  puap 
anargy.  Vlhlla  llnawldth  consldaratlons  rastrlctad  tha  usabla  prassura  In  tha 
Raaan  call  to  lass  chan  14  ata,  tha  convarslon  afflclancy  Increased  with 
Increasing  confocal  paraaatar  and  with  Increasing  puap  anargy.  Va  aaasurad 
45%  convarslon  efficiency  to  tha  first  Stokes  (58%  quanCua  efficiency)  at  14 
ata  of  K2  with  a  2  a  focal  length  Ians  and  29  aJ  of  puap  energy  at  580  na. 

Tha  llnawldth  of  tha  Stokes  output  was  aaasurad  to  be  0.03  ca^.  Figure  2a 
shows  a  plot  of  tha  conversion  efficiency  (first  Stokes)  as  a  function  of 
pressure  for  cm  different  confocal  paraaatars.  Figure  2b  shows  the  first 
Stokas  energy  as  a  function  of  puap  energy  for  various  focussing  paraaatars  at 
17  ata  pressure  of  H2. 

With  Che  expariaantal  arrangaaanC  shown  in  Figure  1.  wa  aaasurad  the 
differential  transalsslon  at  tha  canter  of  all  29  lines. (FVHM  0.06  *0.1  ca*^ 
at  1  ata)  In  the  P*branch  of  Che  O2  A*band  (b^£  (tM))*X'*S  (v-0))  In  air  at  NTP 
contained  In  a  White  call  of  60  a  path  length.  Two  sets  of  data  are 
presented,  corresponding  in  one  case  to  the  radiation  being  directly  ganaratad 
In  a  dye  lasar,  and.  In  tha  second  case,  to  the  use  of  Raaan  shifted  dye  lasar 
radiation.  Tha  results  are  shorn  In  Figure  3a  and  b.  Also  shown  for 
comparison,  are  the  aaasureaents  of  Ritter  and  Wllkerson'  which  assuaa  a  Voigt 
profile.  Tha  latter  ware  obtained  using  a  cw  dye  laser,  having  a  10*^  ca'^ 
bandwidth,  and  should  Inherently  have  a  higher  accuracy  than  the  pulsed 
aaasuranents .  The  discrepancies  In  our  iiaasureaents  can  possibly  be 
attributed  Co  Che  finite  llnewidth  of  the  pulsed  laser  or  Co  the  presence  of 
some  amount  of  ASE.  For  reliable  LIDAR  results  these  measurements  must  be 
reconciled,  and  further  progress  will  be  reported. 

Research  supported  by  NASA,  NOAA,  and  the  University  of  Maryland. 
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Oxygen  Absorption  Measurements 
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CO2  LASER  PRE-AMPLIFIER  FOR  LIDAR  APPUCATION 

Kiopoi  Quui*«id  Jack  L.  Bufioo 

Goddaid  Space  Flight  Center 
Gfeenbelt.MD  20771 


A  laser  pie-aiiq>lifier  tiased  on  the  multiple-pass  geomeny  inside  a  km-piessuie,  pulsed  CO2  laser 

discharge  has  been  developed  for  lidar  applications  near  10  pm  wavelengdt.  The  laser  pie-amplifier 
produces  a  gain  pulse  on  the  order  of  100  psec  duration  with  peak  power  gains  as  large  as  1000 
(30db).  Design  connderatiaos,  predicted  prrformance,  and  initial  labonuory  test  results  for  this  laser 
pie-amplifier  have  been  previoiwy  presented  (ie£i.  1  &  2).  In  this  we  rqwrt  the  results  of  a 
series  of  laboratory  tests  on  thynilsed  gain  and  gain  stability  when  this  laser  pre-amplifier  is  used 
with  a  CO2  TEA  laser  source.  These  measurements  form  the  basis  for  application  of  die  pre-amirifier 

to  enhanced  direct-detection  in  a  GO2  lidar. 

Figure  1  is  a  schematic  diagnm  of  the  GO2  laser  pre-an^lifier  test  apparatus.  The  laser  pre-anqilifier 

developed  at  Pulse  Systems  Inc.  consists  a  0.S  m  long  plastic  tube  with  end-housings  sealed  for 
low  pressure  operation.  Zmc  selenide  optical  windows  at  each  end  of  tins  tube  provide  input  and 
output  ports.  The  input  port  film  has  a  4X  Galilean  beam  condenser  telescope.  Two  optical  flats, 
that  are  separated  by  an  invar  rod  structure  and  are  tilted  toward  each  other  at  a  2^  angle,  provide  a 
7-pass  optical  cavity  widiin  the  uniform,  rectangular  cross-section  plasma  of  dimension  1 J  cm  by  4 
cm  between  electrodes.  Total  length  of  the  optical  giw  regioa  is  Z1  m.  The  triode  discht^ 
geometry  uses  a  resistor  array,  a  wire  screen,  and  a  pair  of  solid  slabs  as  electrodes.  The  initial 
high-voltage  discharge  between  the  resistor  array  lead  ends  and  the  wire  screen  is  followed  by  the 
main  disd^e  of  1 .4  to  2.8  kV  between  tiie  wire  screen  and  the  slab  electrodes. 

Laser  pre-.Jiiplifier  OTeration  can  be  achieved  with  a  variety  ttf  operating  pressures,  gas  mixes,  and 
dischai^  voltages.  Oper^g  presaue  in  the  range  of  20  torr  to  over  100  torr  is  mamained  with  a 
vacuum  pun^  and  a  flowing-pas  mixture  of  helium,  nitrogen,  and  carbon-dioxide.  A  typical  TEA 
laser  gas  mixture  70%  Hr.  iS%  N2,  and  1S%  CO2  woiia  quite  well.  Pulse  energy  into  the  laser 

discharge  in  the  range  of  1  -  4  joule  is  varied  by  selecting  discharge  c^^iors  of  OJ  -  2  pf  and  using 
a  variac  to  control  input  ac  power  for  the  hi^  voltage  transformer  circuits.  Variac  voltage  is  typically 
set  for  the  maxirruun  value  which  still  prmrides  a  uniform  laser  discharge.  Continued  increases  in 
volta^  above  this  value  result  in  a  fite-running  condition  where  discharges  occur  without  a  trigger 
input  At  large  voltage  input  into  the  discharge  self-lasing  can  also  occur  if  even  small  amounts  of 
qttical  feedback  are  present 

The  CO2  TEA  laser  is  modified  to  accept  a  low-pressure  gain  cell  inside  the  laser  cavity.  The  gain 

cell  has  an  optical  length  of  IS  cm  and  a  measured  gam  of  2  at  IS  -  20  torr  operating  pressure.  It  is 
based  on  the  same  low-pressure,  low-voltage  pulsed  discharge  used  in  the  pre-amplifier.  The  hybrid 
CO2  laser  TEA  laser  is  design«l  to  con^e  TEA  laser  ouq>ut  to  a  narrow  baiidwidth  of  about  a 

hundred  MHz  near  GO2  laser  line  center  ratiter  than  the  3  -  4  GHz  pressure-broadened  gain  envelc^ 

of  TEA  lasers.  This  is  necessary  since  the  laser  pre-amplifier  has  a  similar  narrow  bandwidth  of 
amplification  for  its  low  operating  pressure.  The  shape  in  fiequency  space  of  the  optical  gain 
function  for  both  units  is  apprownately  Gaussian  and  is  centered  on  the  laser  line.  Typical 
full-width-at-half-maximum  (FWHM)  at  20  ton  is  135  MHz.  At  60  torr  this  optical  bandpass 
increases  to  330  MHz  and  to  650  MHz  at  120  torr. 

On  the  detector  end  of  the  pre-aiiq>lifier  tube  a  positive  lens  is  used  to  capture  die  amplified  signal  and 
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focus  it  onto  a  HgCdTe  photoconducm  detecttir  Typical  detector  element  size  of  O.S  mm 

provides  a  normalized  detectivity,  D*«  10*  ^  cm*^Hz*^/watt  at  a  bandwidth  of  5X10°  Hz.  The 
combination  of  detector  size  and  lens  focal  length  of  105  mm  results  in  a  Held-of-view  (f.o.v.) 
matched  to  2a/L^ff  <■  4.8  nvad,  where  2a  ami  are  respectively  the  diameter  of  die  pic-ampIifier 

input  port  and  the  effective  optical  path  length  from  the  input  poit  to  the  detector.  A  larger  f.o.v. 
would  collect  no  more  amplified  lidar  signal  but  would  collect  more  amplified  spontaneous  emission 
(ASE)  power. 

Laser  gain  pulses  are  observed  at  the  output  of  the  pre-amplifier  on  the  various  P  and  R  branch  lines 
in  the  9.4  ^m  and  10.4  ^m  bands.  Opdcrd  gain  is  ^marily  a  function  of  pre-amplifier  gas  pressure 
and  energy  into  the  discharge.  At  low  gas  pressures  (i.e.  30  -  40  torr)  the  gain  is  relatively  high, 
achieving  the  largest  peak  gains  for  a  given  discharge  energy.  This  results  from  a  concentration  of 
energy  into  the  narrow  optical  bandwidth  provided  by  the  pressure-broadened  CO2  gain  envelope. 

Optical  gain  decreases  for  CO2  lines  in  the  wings  of  each  P  &  R  branch  in  the  same  manner  as  it 
would  for  the  output  of  a  CO2  laser  source.  The  decrease  in  peak  optical  gain  at  the  higher  operadng 
pressures  can  be  compensated  somewhat  by  increasing  discharge  energy  input 

The  temporal  shape  of  the  optical  gain  pulse  is  Loientzian.  Pulse  duradon  is  determined  primarily  by 
laser  gas  operadng  pressure.  At  the  low  pressure  end  near  20  torr,  the  pulse  width  is  at  a  maximum 
near  250^sec  FWHM.  At  higher  pressures  the  pulsewidth  falls  inversely  with  pressure  to  less  than 
^  ^sec  FWHM  at  120  torr.  The  pulse  risedme  is  also  much  shorter  at  higher  ptesssures  achieving 
values  near  5  ^sec  at  100  torr.  Amplified  spontaneous  emission  (ASE)  power  is  readily  observed  on 
the  detector  at  the  pre-amplifier  output,  even  in  the  absence  of  a  TEA  laser  pulse  input  Its  dme 
depen^nt  waveform,  idendcal  to  that  of  the  opdcal  gain  pulse,  has  a  peak  power  of  about  1  nwatt. 
On  the  other  hamt  no  increase  is  observed  during  the  gain  pulse  in  detetector  noise  level  due  to  ASE 
noise. 

Figures  2  and  3  report  measured  peak  optical  gain  vs.  time  for  CO2  TEA  laser  pulses  of  about  200 

nsec  gain-spike  duradon.  Operating  wavelength  was  the  10P(20)  line  at  10.59  (im.  Both  the 
pre-amplifier  and  the  gain  cell  were  triggered  together  at  a  1  Hz  rate.  The  TEA  laser  trigger  was 
delayed  to  coincide  with  the  maximum  of  the  pre-amplifier  gain  pulse.  This  maximum  was  evident 
fiom  the  peak  of  the  ASE  pulse.  Measured  peak  gain  of  nearly  700  is  noted  in  Fig.  2  for  operadng 
pressures  of  40  torr  and  15  torr  respectively  for  the  pre-amplfier  and  gain  cell.  The  measuM  peak 
gain  is  consistent  with  a  small-signal  amplification  of  over  3%/cm  for  the  2. 1  m  t^dcal  gain  len^  of 
the  pre-amplifier.  The  decrease  of  gain  with  pre-amplifier  pressure  is  illustrated  in  Fig.  3  where  peak 
gain  is  about  200  for  80  torr  pressure.  The  most  dramatic  difference  in  the  time-history  of  optical 
gain  in  th^  two  figures  is  the  reduction  in  the  periodic  variation  (approximately  100-second)  in  gain 
mom  a  nearly  7:1  change  at  40  torr  in  Fig..  2  to  only  a  1.7:1  change  at  80  torr  in  Fig.  3.  litis  gain 
drift  with  time  is  likely  a  result  of  temperature-induced  drifts  in  TCA  laser  output  frequency.  The 
reduction  in  peak-to-p^  gain  drift  at  the  higher  pressure  is  obviously  a  result  of  the  wider 
pre-ampUfication  bandwidth  at  that  pressure. 

Short-term  gain  stalnlity  is  characterized  by  the  standard  deviarlr  a  of  gain  with-respect-to  the  mean 
gain.  Statisitics  for  thirty  pulses  near  the  peak  in  rig.  2  gave  a  mean  of  580  and  a  standard 
deviation  of  56.3.  For  sixty  pulses  in  Fig.  3  the  mean  and  standard  deviation  are  respectively  178 
and  21.8.  Both  cases  exhibit  a  short-term  gain  modulation.of  about  10%.  Some  of  this  variability 
may  be  due  to  limitations  in  our  gain  measurement  procedure,  which  invoh/ed  readings  of  peak  gain 
from  an  oscilloscope  display  of  each  gain  pulse.  It  is  noteworthy  that  when  the  low  pressure  gain  ceil 
was  disabled,  amplification  of  the  TEA  laser  pulses  was  highly  variable.  Measured  short-term  gain 
modulation  was  at  least  35%  and  was  superim^sed  on  a  10:1  or  greater  periodic  variation. 

Despite  the  flexibility  in  achieving  a  variety  of  optical  gains  and  bandwidths,  the  PSI  laser 
pre-amplifier  design  is  fixed  at  a  given  input  aperture  size,  bore-diameter,  and  7-pass  folded  optical 
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path.  These  physical  size  constraints  result  from  practical  choices  and  interactions  among  electrode 
spacing,  gas  pressures,  and  discharge  voltages.  The  physical  constraints  have  an  impoitant  effect  not 
only  on  the  overall  gain  (^omuuice  of  the  pre-amplifier,  but  also  on  its  optical  coupling  to  the 
collector  telescope  and  the  infrared  detector.  TIm  pre-amplifier  input  aperture  diameter  (2a)  is  flxed  at 
12.7  mm.  The  collecting  telescope  in  a  UDAR  receiver  must  achieve  beam  reduction  to  this  size 
while  also  providing  a  large  diameter  collector.  The  result  is  a  trade-off  in  terms  of  collector  telescope 
diameter  and  its  field-of-view  ( f.o.v.).  Calculations  based  on  collimated  beam  propagation  through 
the  pre-amplifier  predict  a  compromise  is  reached  in  the  neighborhood  of  A  •  f3  »  6cm  ■  mrad. 
where  A  is  the  diameter  of  the  collector  telescope  and  O  is  the  full  angle  (1/e^)  lidar  divergence  angle. 
At  this  operating  point  the  optical  insertion  loss  is  about  a  factor  four. 

In  CO2  lidar  applications  the  net  optical  gain  of  10  -  100  after  insertion  loss  is  expected  to 

dramatically  improve  the  performance  of  a  direct-detection  receiver.  Pulse-to-pulse  gain  variability 
and  gain  drift  can  be  minimized  by  operation  at  higher  pre-amplifier  pressures,  but  gain  monitoring 
will  be  required  on  a  pulse-to-pulse  basis  to  achieve  acceptable  lidar  system  performance.  Gain  drift 
could  also  be  reduced  by  frequency  stabilization  of  the  CO2  TEA  laser,  but  this  would  add 

undesirable  instrument  complexity.  The  increase  of  optical  gain  with  time  on  the  leading  edge  of  the 
Lorentzian  gain  pulse  could  be  used  to  achieve  a  time-<lependent  gain  as  partial  compensation  for  the 
range-squar^  signal  reduction  in  lidar  returns.  Further  assessment  of  lidar  application  of  the  CO2 

laser  pre-amplifier  will  require  field  trials. 


Figure  1  CO2  laser  pre-amplifier  test  apparatus. 
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LOtf- PRESSURE  GAII.-CELL  LASER- DETECTOR  OPERATION 
WITH  A  CO2  TRANSVERSELY  EXCITED  ATMOSPHERIC  (TEA)  LASER 


Jan  E.  Van  dar  Laan 
Elactro-Optlca  Systena  Laboratory 
SRI  Intamatlonal 
Hanlo  Park.  CA  94025 

The  recent  developownt  of  a  lov-preasure  CO2  gain-cell^  preanpll- 
fler  for  optical  receivers  has  stlnulated  renewed  Interest  In  the 
technique  In  the  Ildar  cooounlty.  Early  work  In  this  area^  Indicated 
that  a  gain  factor  of  only  2.S  could  be  achieved  using  a  72-ca  long 
gain  cell.  Because  low  gain  did  not  appear  to  Justify  the  added  cost 
and  complexity  to  a  Ildar  system.  Interest  In  the  technique  decreased. 

In  1985  Pulse  Systems,  Inc.  (PSI)  Introduced  the  LDP- 30  laser 
detnctor  preamplifier  and  advertised  It  for  use  In  laser  range-finder 
receiver  applications.  Evaluations  of  PSI’s  LDP-30  operating  at  30 
torr  show  that  It  typically  produces  optical  gains  up  to  1000  for 
pulse  durations  of  100  /is.  This  Improvement  In  gain  over  previous 
work  Is  achieved  by  using  transverse  discharge,  low-pressure,  and  low- 
voltage  CO2  technology  developed  by  PSI  In  a  7 -pass  40-cm  cell 
configuration  (total  gain-path  length  of  280  cm).  The  previous  work 
was  performed  using  conventional  multimode  longitudinal-discharge 
lasers . 

To  obtain  the  gains  suggested,  the  laser  signals  being  amplified 
must  be  generated  by  a  laser  with  a  line  width  less  than  or  equal  to 
the  gain  bandwidth  of  the  amplifier  gain  cell.  This  requirement 
Implies  that  a  low-pressure  CO2  laser  must  be  used  as  the  source. 
Indeed,  the  LDP- 30  characterization  studies  at  PSI  were  conducted 
using  a  PSI  low-  pressure  laser  as  the  source. 

Although  the  gain  described  by  PSI  Is  Impressive,  It  should  be 
understood  that  there  are  some  fundamental  problems  using  low  pressure 
lasers  In  Ildar  and  range-finder  applications.  First  of  all,  most 
Ildar  applications  and  certainly  range-finder  use  require  reasonably 
high  range  resolution,  which  Is  ultimately  determined  by  the  laser 


^Richard  Cunningham,  ’'oaln  Cell  Boosts  Range  of  CO2  Lldar",  Laser  and 
Applications.  (September  1983).  (Reports  on  work  by  Ed  McLellan 
of  Pulse  Systems,  Inc.) 
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puls«  width.  Currently  used  CO2  TEA  laser  range*flnders  have  pulse 
widths  on  the  order  of  100  ns.  Low  pressure  lasers  on  the  other  hand 
tend  to  have  very  long  pulse  widths  because  of  the  long  temporal  gain 
of  the  plasma  at  low  pressures  (l.e.,  FVHM  gains  In  excess  of  200  /is 
at  very  low  pressures,  e.g.,  20  torr).  Clearly,  low-pressure  lasers 
are  not  appropriate  for  use  In  direct-detection  range-finders  unless 
some  means  Is  Incorporated  to  reduce  the  pulse  width.  Several 
techniques  are  available  to  reduce  the  pulse  width,  but  all  Involve  a 
sacrifice  In  power.  A  trade-off  study  of  the  loss  In  power  versus  the 
gain  achieved  using  the  gain-cell  preamplifier  is  required  to  resolve 
this  Issue. 

A  different  approach  for  achieving  the  resolution  required  Is  to 
use  currently  available  TEA  laser  range-finders  and  a  low  pressure 
gain  cell  In  the  receiver.  Here,  the  problem  Is  somewhat  different  In 
that  the  TEA  laser  has  a  very  short  pulse  width  because  of  the  effects 
of  atmospheric  pressure  (760  torr)  on  the  temporal -gain  characteristic 
and  at  the  same  time  the  effect  of  pressure  on  the  gain  bandwidth 
Increases  the  laser  line  bandwidth  to  approximately  3  GHz  (FWHM) .  The 
effect  of  this  wide  line  width  operated  with  a  low-pressure  gain  cell 
Is  not  difficult  to  see;  because  the  TEA  laser  energy  Is  distributed 
over  3  GHz  and  the  preamplifier  gain  cell  amplifies  only  a  limited 
portion  of  this  bandwidth,  the  net  gain  should  be  significantly  lower 
than  reported.  Work  being  performed  at  SRI  International  using  a  TEA 
laser  operating  on  the  10  R-22  transition,  and  low-pressure  gain 

cell,  however.  Indicates  that  gains  In  the  order  of  300  can  be 
achieved.  This  gain  appears  to  be  higher  than  anticipated  considering 
the  narrow  line  width  of  the  LDP- 30  relative  to  the  pressure -broadened 
TEA  laser.  Analysis  of  the  laser  configuration,  however,  explains 
this  apparent  anomally.  Although  the  TEA  laser  operates  In  the  TEMqq 
mode,  the  short  gain  length  of  the  laser  (23  cm)  will  support  a  number 
of  axial  modes.  The  effect  of  these  axial  modes  have.  In  the 
frequency  domain,  is  to  redistribute  the  spectral  power  over  the  3 -GHz 
gain  bandwidth  Into  a  comb  of  six  lines  having  a  FWHM  gain  of 
approximately  50  MHz  as  illustrated  in  Figure  1.  In  our  test,  the 
LDP- 30  Is  operated  at  80  torr,  vdilch  provides  a  gain  bandwidth  of  A40 
MHz  at  the  FWHM  (llnewldth  derived  from  Volght  line  profiles) .  By 
adjusting  the  TEA  laser  grating  to  center  the  comb  on  the  LDP- 30  gain 
line  as  shown  In  Figure  1,  maximum  amplification  can  be  achieved  for 
that  axial  mode.  Because  our  gain  estimate  of  300  is  relative  to  the 
total  unampllfled  energy,  which  Indues  all  axial  modes,  the  single 
axial  mode  maximum  gain  Is  not  fully  realized,  but  It  Is  much  greater 
than  would  be  achieved  If  the  energy  were  evenly  distributed  over  the 
full  3-GHz  bandwidth.  The  high  gain  observed  In  our  evaluations, 
however,  cannot  be  fully  employed  using  our  current  TEA  laser  system 
because  of  stability  problems.  Pulse-to-pulse  frequency  shifts  of  the 
aligned  axial  mode  relative  to  the  gain-cell  center  frequency  results 
In  fluctuation  of  the  gain,  which  decreases  the  signal- to-nolse  ratio 
(SNR).  The  gain  fluctuation  in  ..ur  setup  Is  the  nolse-llmltlng 
mechanism  rather  than  background  or  spontaneous  emission  noise.  An 
example  of  the  amplified  TEA  laser  pulses  Is  shown  In  Figure  2.  In 
this  example,  ten  amplified  pulses  and  one  unampllfled  pulse  are 
observed  by  multiple  exposure  to  Illustrate  the  peak-to-peak  fluc¬ 
tuation  of  the  signal.  Statistical  evaluation  Indicates  that  the 
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unaapllfled  SNR  Is  S0:1,  while  the  eapllfled  SNR  is  10:1.  Calcule- 
cions  based  on  the  line  width  of  the  axial  modes  end  Che  LDP* 30  at  80 
Corr  suggest  that  a  shift  of  120  MHz  of  the  axial  awde  frequency  would 
account  for  the  lower  SNR.  Although  Che  stability  is  critical,  once 
aligned  on  a  single  axial  node,  the  laser  held  that  single  axial  node 
for  extended  periods,  which  allowed  other  parameters  to  be  measured. 
Among  these  measurements  were  temporal  gain  characteristics,  idiich  are 
shorn  in  Figure  3,  and  a  gain  linearity  evaluation  shorn  in  Figure  4. 
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FIGURE  1  COj  PLASMA  GAIN  SANOWlOTH 
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FIGURE  2  AMFLIFIER  ON  vt.  AMPLIFIER  OFF 
SIGNAL  INTENSITY— 10  SHOTS 
OVERLAY 


FIGURE  3  LOW  PRESSURE  AMPLIFIEr*  TEMPORAL 
GAIN  DISTRIBUTION 


FIGURE  4  AMPLIFIER  OUTPUT  vt.  INPUT  ENERGY 
SHOWING  SATURATION  EFFECT 
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The  cenporel  gain  for  Che  LDP- 30  la  shown  for  two  presures.  80 
and  20  torr.  The  20  Corr  data  was  provided  by  PSI.  This  lllustraclon 
clearly  shows  Che  pressure  effeccs  on  the  Ceaporal-galn 
dlscrlbuclon.  The  FUHM  gain  Is  30  na  aC  80  corr  and  240  ps  aC  20 
Corr. 


The  llnearlcy  daCa  shown  In  Figure  4,  IndlcaCes  chac  Che 
amplifier  provides  linear  gain  wlch  InpuCs  as  high  as  32-|U.  AC  64-/iJ 
InpuC  corresponding  Co  an  ouCpuC  of  5.8  nJ,  saCuraClon  effaces  are 
observed.  The  exacC  mechanism  for  Chls  sacuraclon  has  noc  been 
deCei mined  because  the  purpose  of  Che  CesC  was  Co  evaluaCe  Che 
llnearlcy  aC  low  levels  of  InpuC.  Noc  shown  on  chls  llluscraclon,  buc 
obcalned  In  subsequetxc  Cesc,  cwo  orders  of  magnlcude  more  accenuaclon 
were  added  Co  Che  InpiC  signal,  which  exCended  Che  available  daCa  do«m 
Co  0.03-/iJ  InpuC.  Ulth  Che  currenc  InscrumenCaClon,  we  are  unable  Co 
measure  below  chls  level  wlch  accuracy.  Ic  Is  recognized  chac  during 
Che  llnearlcy  Cases  a  gain  faccor  of  130  was  observed.  This  lower 
gain  facCor  IndlcaCes  ChaC  Che  laser  was  noC  aligned  for  Che  opclmal 
axial  mode  during  Chls  measuremenC.  This  finding  should  noc  have  any 
efface  on  Che  llnearlcy  of  Che  daCa  excepC  ChaC  Che  saCuraClon  effeeCs 
occur  ac  a  higher  InpuC  level. 

In  summary,  our  evaluaclon  co  daCe  using  a  low-pressure  gain  cell 
wlch  a  TEA  laser  IndlcaCes  higher  chan  anClclpaCed  amplifier  gains  can 
be  achieved  buC  ac  cosC  of  SNR.  The  noise  mechanism  ChaC  llmlCs  our 
meaauremenCs  was  laser  frequency  InsCablllCy.  No  aCCempC  was  made  Co 
sCablllze  our  laser  so  Ic  Is  noC  known  how  serious  Chls  problem  Is. 

The  resulcs  suggest,  however,  that  by  reducing  the  TEA  laser  cavity 
length,  thereby  reducing  Che  number  of  axial  modes,  the  achievable 
gains  may  be  even  higher. 

For  range-finder  applications  In  whl':h  a  reasonably  high  SNR  can 
be  tolerated,  Che  high  gains  obtainable  using  Che  TEA  laser  and  low- 
pressure  gain  cell  receiver  preamplifier  are  very  encouraging.  For 
applications  In  DIAL  measurements  a  better  understanding  of  Che  system 
noise  Is  needed.  Additional  work  In  this  area  Is  being  conducted  at 
SRI,  which  will  Include  actual  receiver  measurements  over  a  Ildar 
range . 

This  work  Is  being  performed  as  a  SRI  IR&D  effort  with  additional 
funding  and  support  under  Contract  DAAK11-82-C-01S8  wlch  Che  U.S.  Army 
Chemical  Research,  Development  and  Englenerlng  Center,  Aberdeen 
Proving  Crowds,  MD. 
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LASER  SOURCES  AND  SENSmVlTY  CALCULATIONS  FOR  A 
NEAR-INFRARED  DIAL  SYSTEM 


Maitia  J  T  Milton.  Barrie  W  J^Iiffe.  Roger  H  Panridge,  and  Peter  T  Woods 
Divisioo  oi  Ouantuni  Metrology 
National  Physical  Laboratory 
Teddington.  Middlesex.  TWll  OLW.  UK 


The  applications  of  DIAL  systems  operating  in  the  near  ultraviolet  and  visible 
spectral  regions  are  limited  to  the  small  number  of  species  that  absorb  in  those 
regions.  However,  the  infrared  spectral  re^n  offen  tte  possibility  of  detecting  a 
much  larger  number  of  gases,  including  most  of  the  hydrocarbons.  Although  many 
DIAL  systems  have  been  constructed  for  use  in  the  mid-infrared  (at  10  ^  in 
particular),  relatively  few  attempts^"^  have  been  made  to  use  the  near-infrared 
despite  tte  large  number  of  strong  absorption  lines,  particularly  around  3  fim.  The 
design  of  a  direct-detection  DIAL  system  to  operate  in  this  region  involves  a 
considerable  number  of  differences  from  DIAL  systems  operating  in  other  spectral 
regions.  We  consider  here:  the  spectroscopy  of  target  gases,  possible  laser  sources, 
and  the  sensitivity  and  accuracy  that  might  be  expected  from  such  a  system,  with 
particular  consideration  to  its  use  for  measuring  hydrocarbon  concentrations  at  the 
ppm  level  in  the  atmosphere. 


The  Spectroscopy  of  Target  Gases 

Figure  1  is  an  atmospheric  transmission  spectrum  of  part  of  the  near-infrared 
measured  with  a  high  resolution  Fowier-transform  spectrometer.  It  can  be  seen  that 
the  region  3.S9  pm  to  4.39  pm  (278S-2280  cm'^)  is  an  atnios|dieric  "window",  with 
transmission  in  excess  of  93%  even  for  path  lengths  of  several  hundred  metres. 
Figures  2  and  3  show  the  qtectra  of  ethylene  and  butane,  both  measured 
atmaspherkaOy  broadened  by  nitrt^n.  Both  of  these  species,  in  common  with  most 
other  hydrocarbons,  exhibit  absorption  within  the  region  3.23  pm  to  3.60  pm 
(2773-3100  cm~l).  The  ethylene  spectrum  consists  of  a  number  of  lines  about  1 
cm~l  wide  and  3  cm~l  apart.  This  kind  of  structure  is  characteHstic  of  other  light 
hydrocarbons  (for  instance  methane  and  ethane).  The  spectrum  of  butane  shows  no 
such  structure  (when  measured  with  a  resolution  of  0.01  cm~l),  but  only  broad 
features  with  widths  of  the  order  10  cm~^.  This  is  characteristic  other  heavy 
(>€3)  hydrocarbons. 

Three  conclusions  can  be  drawn  from  these  properties  sS  the  qrectra: 

(i)  Speciation  of  light  hydrocarbons  should  be  possible  with  a  source  linewidth 
of  <  0.3  cm"*. 


Fig.1.  Atmospheric  Ti 
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Fig. 2.  Ethylene  (0.1  torr)  atmospherically  broadened 


Fig.3.  Butane  (0.1  torr)  atmospherically  broadened 
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(ii)  Specialioa  of  heavy  hydreearboae  it  unlikely  to  be  poeiible  with  any  aouice 
liiwwidth. 

(iU)  Sources  operetinf  beyond  the  3.39  *■  4.39  pm  window  require  e  linewidth 
niffidently  tmell  to  avoid  water-vapour  lines,  pertkulerly  for  measurements  over 
long  path  lengths. 


Sources  and  Sensitivity 

It  is  clear  from  these  observatioat  that  two  approaches  can  be  taken  towards  the 
design  of  a  mid-infrared  source  for  DIAL  measurements  of  hydrocarbons: 

(i)  A  broad  linewidth  source  for  measurements  of  heavy  hydrocarbons,  with  a 
liMwidth  only  limited  by  the  need  to  avtdd  mter  vapour  lines,  but  not  capable 
of  speciation. 

(ii)  A  narrow  linewidth  source  (<  0.S  cm~^)  capable  of  speciating  light 
hydrocarbons. 

Clearly  the  linewidths  and  waveleagtlis  required  determine  the  type  of  laser  system 
that  can  be  used  and  the  energy  availate  for  transmission.  A  pulse  length  of 
betsmen  10  and  12  nsec  is  required,  in  order  to  give  a  range-resolution  of 
approximately  3  metres. 


644-653  nm  3RD  STOKES  ^  "  3  50|J 


674  -  683  nm  2N0  STOKES 

1.53-1.58U 

YAG  PUMPED  OPA(  IDLER) 

602“610nfn  STOKES  ®03*817nrn 

DFM  (YAG) 

628  -  636  nm  DFM  (YAG  •  2 ) 

DFM  (YAG) 

YAG  PUMPED  OPA(IDLER) 

1.53-1. 58  )J 

Fig.  4.  Methods  for  generating  near-infrared  from 

and  mixing. 

a  tunable  dye  laser  using  SRS 

272 


UCS-4 


Hm  achemet  considered  here  for  fenerating  pulsed  tuiuMe  nesr-infrared  laser 

radiatioa  to  meet  these  speciflcatioiis  all  use  Nd:YAC  lasers  u  the  primary  laser 
energy  source  and  visible  dye  lasers  to  introduce  wavelength  tunability.  Figure  4 
shows  some  possible  methods  for  generating  near-infrared  uring  Stimulated  Raman 
Scattering  (SRS)  and  mixing.  In  this  rase  we  have  only  considered  SRS  in 

hydrogen,  because  of  ia  high  gain,  large  frequency  shift  and  narrow  iinewidth.  The 
possible  mixing  processes  considered  are  Difference  Frequency  Mixing  (DFM)  and 

Optical  Parametric  Amplification  (OPA).  Although  both  of  these  processes  rely  upon 
the  same  nonlinear  interaction  within  a  crystalline  medium,  they  differ  in  'Jut  for 
OPA,  the  highest  frequency  input  beam  is  also  the  most  intense,  but  for  DFM  the 
highett  frequency  input  beam  is  the  least  intense.  This  distinction  is  only  rignifkant 
in  the  ideal  case  in  which  the  process  Is  saturated  and  all  of  the  highest  frequency 
input  photons  are  downconverted.  Hence,  in  the  saturated  case,  OPA  is  only 

limited  by  the  high  intensity  (fixed  frequency)  ’‘pump”,  whereas  is  limited  by 

the  "low*  intensity  (tunable)  input. 

Not  only  do  the  possible  output  energies  of  the  various  schemes  vary,  but  their 
output  iinewidths  alM  differ.  For  dye  and  YAG  laser  linewidths^  of  0.1  cm~^  and 
0.7  cm~^  respectively,  the  Iinewidth  expected  from  scheme  1  is  approximately  0.1 
cm~l ,  from  schemes  2  and  3  is  approximately  0.8  cm~l  and  from  scheme  4  is 
approximakly  1.3  cm*^. 

Calculations  of  range  and  sensitivity  of  a  DIAL  system  based  on  some  of  these 
infrared  sources  will  be  presented. 
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A  Simple  System  for  Frequeocy  Locking  Two  CO]  Lasers 

Douglas  C.  Draper,  J.  Fred  Holmes,  John  Hunt,  and  John  Peacock 
Oregon  Graduate  Center 

Department  of  Applied  Physics  and  Electrical  Engineering 
19600  N.W.  Von  Neumann  Drive 
Beaverton,  Oregon  97006-1999 

SUMMARY 


An  optical  heterodyne  qrstem  requires  a  local  oscillator  which  tracks  the  frequency  of 
the  transmitter.  Otherwise  the  heterodyned  signal,  which  has  a  frequency  equal  to  the 
difference  between  the  transmitted  and  local  oscillator  frequencies,  would  drift  outside  the 
bandwidth  of  the  receiver. 

In  some  remote  sensing  systems  the  same  laser  is  used  for  both  the  transmitter  and 
the  local  oscillator.  One  or  both  of  the  frequencies  may  be  shifted  to  provide  the  desired 
difference  frequency.  Acousto-optic  or  electro-optic  modulators  can  be  used  to  shift  the 
frequency.  For  systems  where  two  different  lasers  are  used  a  method  is  needed  to  keep  the 
lasers  locked  at  the  desired  frequency  difference. 

The  system  reported  here  accompibhes  the  locking  without  elaborate  tracking  sys¬ 
tems  usir.'  only  the  received  signal  to  control  a  built  in  cavity  length  transducer.  No 
modification  of  the  normal  optical  paths  are  required.  Thb  system  provides  good  isolation 
between  the  optical  signab  and  requires  only  ^e  addition  of  some  simple  electronic  cir¬ 
cuits. 

The  optica!  ~emote  sensing  s]rstem  b  shown  in  Fig.  1.  The  transmitter  laser  beam  b 
expanded  30  times,  and  the  local  oscillator  beam  b  expanded  five  times.  The  return  sig¬ 
nals  are  intercepted  by  one-inch  mirrors  and  combined  with  the  local  oscillator  using  a 
beam  splitter  and  then  focused  onto  the  HgCdTe  optical  detector.  Quarter-wave  plates 
are  used  to  produce  circularly  polarised  beams.  The  combination  of  the  local  oscillator 
and  target  signal  fields  will  have  a  heterodyne  component  with  a  frequency  equal  to  the 
difference  between  the  two  optical  frequencies.  Thb  component  which  represents  the 
heterodyned  receiver  signal  can  be  used  to  control  the  optical  frequency  of  either  laser. 

The  lasers  are  standard  three  and  five  watt  production  modeb  manufactured  by 
Laakmann  Electro-Optics,  Inc.  They  are  tunable  by  means  of  a  diffraction  grating  which 
b  manually  adjusted  with  a  micrometer  dial.  A  canty  length  tuning  mechanbm  b  pro¬ 
vided  by  a  piesoelectric  length  transducer  on  which  the  rear  laser  mirror  b  mounted.  An 
electrical  signal  applied  to  the  transducer  varies  the  laser  frequency  in  response  to  the 
changing  cavity  length.  After  the  two  lasers  are  brought  to  the  same  spectral  emission  line 
by  manually  adjusting  the  diffraction  grating,  the  system  will  maint^  control  by 
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det«ctirg  the  frequency  difference  from  the  detector  and  applying  a  correcting  voltage  to 
one  of  the  length  transducers. 

Figure  2  diows  the  control  electronics.  The  received  signal  is  amplified  using  existing 
signal  processing  circuitry  and  the  frequency  is  detected  by  a  phase  locked  loop  (PLX>). 
The  PLL  also  removes  amplitude  variations  on  the  signal  l>efore  detection.  The  detected 
signal  is  amplified  to  provide  large  control  loop  gain  for  small  frequency  errors.  Special 
filter  circuits  are  needed  to  compensate  for  the  response  of  the  built  in  cavity  length  trans¬ 
ducer  which  can  cause  instability. 

The  measured  laser  response  to  electrical  control  inputs  as  a  function  of  the  input 
frequency  is  shown  in  Fig.  3.  The  lasers  respond  at  20  MHs  per  volt  at  low  frequencies. 
Of  particular  interest  is  the  pronounced  resonance  at  3.4  kHi  evidenced  by  the  extreme 
increase  in  response  and  phase  shift  at  this  frequency.  The  response  is  that  of  a  second 
order  system  with  a  damping  ratio  of  0.025  and  is  due  to  the  piesoelectric  length  trans¬ 
ducer  in  the  laser.  Because  of  this  response  the  laser  has  a  natural  tendency  for  frequency 
modulation  (FM)  at  the  resonant  frequency  of  3.4  kHs,  and  any  disturbances  in  the  laser 
frequency  at  rates  higher  than  the  resonant  frequency  are  virtually  impossible  to  control. 
This  limitation  precludes  the  use  of  the  transducer  for  phase  locking. 

To  reduce  the  effects  of  the  natural  resonance,  a  notch'  filter  at  3.4  kHs  is  added.  A]« 
additional  filter  is  also  used  to  improve  stability.  The  filter  has  a  double  pole  at  4  Ht  and 
a  Mro  at  100  Hs.  The  double  pole  causes  the  control  system  gain  to  decrease  rapidly  with 
increasing  frequency,  and  the  tero  reduces  the  phase  shift  at  higher  frequencies.  A  max¬ 
imum  control  loop  gain  of  120  dB  is  obtained  using  this  compensation.  With  these  condi¬ 
tions  the  theoretical  steady  state  error  to  a  unit  step  input  is  10~*  which  for  a  frequency 
drift  of  100  MHi  translates  to  just  100 

FM  is  o'* —  •)  *•<•  C  ..Us  to  50  kHs  on  this  system  which  represents  0.1%  to  1%  of 
the  5  MHs  difference  frequency.  Any  FM  that  occurs  in  either  laser  due  to  inherent  laser 
instability  or  external  disturbances  such  as  vibrations  cannot  be  removed  by  the  system  if 
the  FM  rate  is  above  the  3.4  kHs  ma»mum  response  of  the  length  transducer.  Any 
significant  improvement  in  FM  for  these  higher  rates  would  require  a  frequency  control 
element  capable  of  responding  to  higher  frequencies,  such  as  a  higher  frequency  trans¬ 
ducer  or  electro-optic  or  acousto-optic  modulators  inserted  in  the  laser  beam.  The  long 
term  steady  state  error  in  the  difference  frequency  is  of  the  order  of  100  Hs  or  about  0.01 
%  of  the  5  MHs  control  frequency.  This  drift  is  mostly  due  to  the  continual  changes  in 
the  laser  emission  frequencies  in  response  to  temperature  variations.  The  lasers  drift  900 
MHs  per  degree  C  and  are  controlled  to  within  plus  or  minus  0.1  degree  C  by  water  cool¬ 
ing.  Therefore  a  0.1  degree  change  in  temperature  represents  a  90  MHs  change  in  laser 
frequency.  The  expected  steady  state  error  is  10~*  times  90  MHZ  or  90  Hi  which  is  con¬ 
sistent  with  the  above  measurement. 

The  performance  reported  has  been  demonstrated  in  the  laboratory  in  a  simulated 
field  environment  using  a  rotating  diffuse  target  at  10  meters  from  the  transmitter  to 
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generate  a  fully  developed  speckle  pattern  at  the  receiver.  The  target  rotation,  which 
simulates  the  effect  of  turbulence,  causes  the  speckle  pattern  from  the  target  to  have  large 
fluctuations  in  received  optical  signal  with  random  phase.  Baaed  on  the  detector  sensi* 
tivity  the  received  power  level  was  measured  at  10'**  watts.  A  similar  system  using  a  sin* 
gle  laser  and  a  stationary  diffuse  target  at  1000  meters  in  an  actual  field  environment  pro¬ 
duces  a  similar  power  level  and  variation  at  the  receiver  input  with  moderate  wind  and 
turbulence.  Actual  field  tests  of  the  two  laser  system  are  planned  this  summer. 

This  work  was  supported  by  the  Army  Research  Office. 


Figure  1  -  Optical  Remote  Sensing  System 
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Figure  2  •  Control  Electronics 


f  (kHz) 


Figure  3s.  •  Frequency  Response  of  Laser  Due  to  Cavity  Length  Transducer 


f  (kHz) 

Figure  3b.  -  Phase  Response  of  Cavity  Length  Transducer 
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rULSBD  FREQUENCY  STABU  NAIIOtf  UNEtfXSYH  LASERS  AND  omCAL  REMOTE  SENSING 

K.K.  LEE 

FERKIN-ELNER  CORPORATION,  100  Voosfr  Heights  RosN,  Danbury,  Ct.  06810 
Usually  psopls  eonsldsr  single  aode  pulsed  lasers  to  be  frequency  scsbllsed. 
But  in  a  pulsed  laser,  node  selection  Is  noc  equivalent  to  frequency 
stablizatlon.  This  la  because  with  aiqr  type  of  node  selection  aethod  or 
devlca,  a  long  tom  frequency  drift  nay  occur  fraa  pulso  to  pulse  due  to 
theraal  or  Mchanical  disturbances  of  the  cavity  length.  FXirthenore .  short 
ten  frequency  drift  (chirping)  uy  occur  within  one  pulse  due  to  rapid 
refractive  index  variations  of  the  active  gain  nedlun. 

Phase  conjugation  resonators  (PCR)  have  been  recognized  sMStly  for  the  spsticl 

or  mod»  properties  of  their  output  basa.^  Phase  conjugation  airror  (PCM) 

uuiing  nearly  degenerate  fourveve  aixing  (NDFUM)  has  also  been  recognized  for 

its  capability  of  providing  narrow  optical  bandpass  filter.  Indeed,  assuaing 

adiabatic  approxiaaticn,  puap  nondepletion,  and  weak  nonlinear  coupling,  it  is 

fo<ind  that  as  |k|  L  increases,  (here  K  is  the  coaplex  coupling 

coefficient  given  by  K  -  2^  f  Ip/nc;  Ip  is  the  intensity  of  the 

puap,  L  is  the  nonlinear  interaction  length),  the  bandpass  bscoaes  aore 

sharply  peaked.  Vhen  the  oscillation  condition  is  reached,  (i.e.,  /KL/'v7)72) 

2 

the  bandpass  approaches  zero.  The  bandpass  is  only  liaited  by  the 
linewidth  for  the  puap. 

FreqtMn:^y  chirping  is  aininized  if  the  pulse  duration  is  longer  than  the 
cavity  round  trip  tiao.  Ue  shall  deaonstrate  that  phase  conjugation 
oscillator,  with  one  phase  conjugation  "airror*  pumped  by  frequency  very 
stable,  cw,  narrow  linewidth  laser,  together  with  active  amplitude  modulation 
mode'lockar,  can  provide  a  plused,  frequency  as  stable  and  narrow  linewidth  as 
the  cw  puap  laser. 
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V*  b«gin  ^  utilizing  or  constructing  s  frequency  steble,  nerrow  llnewldth,  cw 

leeer  e  Is  Pound* Drover^,  ss  Indlceced  In  Figure  1.  Then  pessing  through 

soae  Isolation  eleaents,  and  frequency  aodulate  the  laser  before  puaplng  the 

four*wave  alxor  of  the  phase  conjugation  resonator.  Figure  2.  Let  the 

frequency  stable,  narrow  llnedwldth,  cw  puap  laser  has  central  frequency  of 

f  and  llnewldth  of  Let  the  PCR  has  cavity  length  of  L,  then  the 

o 

uavlty  aode  spacing  Is  Af  •  c/4L,  half  of  the  mode  spaclang  of  usual 

c 

oscillator^.  Let  the  aodulation  frequency  be  fa  and  assuae  A£«t^A 
f  «f  .  Then  the  puap  besas  of  the  PCM  have  three  distinct  lines, 

C 

i.e.,  f  ,  f  +  f  ,  and  each  has  linewidth  of  ^f«fa.  When  the 
o  o  '  a 

oscillation  condition  is  ar*  a  he  bandpass  approaches  zero  end  is  only 

Halted  by  the  llnewldth  o,.  ^  which  is  ^f.  Since  there  will 

be  no  coupling  between  these  f  and  f  *  i  lines.  Thus  if  the 

O  O  ^  II 

PCM  aaterial  Is  so  chosen  (such  as  resonance  or  resonance  enhanced  aaterial) 

such  that  at  f  ,  the  oscillation  condition  is  aet,  then  the  two  side  bands 
o 

are  also  very  near  the  oscillation  condition.  Thus,  the  PCM  also  acts  as  a 

bandpass  filter  for  both  sidebands.  Thus,  the  circulating  optical  frequencies 

in  the  PCR  are  the  saae  as  that  of  the  puap  waves  which  drive  the  PCM.  These 

frequencies  are  the  aost  likely  to  oscillate  because  the  enhanced  reflectivity 

of  the  PCM.  Furtheraore,  one  can  show  that  ^  the  standing  waves  with 

frequencies  f  and  f  f  in  the  PCR  cavity  are  not  only 
O  O  01 

frequency  synchronized,  but  also  phase  synchronized  in  time  to  the  phases  of 
the  puaplng  waves.  A  practical  technique  to  enhance  the  bandpass  selectivity, 
and  synchronization  of  both  frequency  and  phase  in  the  PCR,  one  can  inject  a 
saall  aaount  of  the  cw  puap  via  forward  FUM  at  the  PCM. 
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If  «•  freqauncy  aodulat*  th«  ew  puap,  dua  to  tha  aynchronlzatlon  of  both 
fraquoneios  and  phaaaa  In  tha  PCR,  and  tha  nagliglbla  abort  tarn  fraquency 
chirping,  tha  output  of  tha  pulaad  oscillator  prasotvas  tha  frequancy 
charaetarlstlcs  as  wall  as  tha  Information  contant  via  FM  In  tha  puaip. 

Nota  that,  tha  controllad  fraquancy  oMdulatlon  of  tha  puaps  can  not  only 
aneoda  Information  to  ba  transmlttad  but  also  broadans  tha  affaetlva  gain 
bandwidth  of  tha  PCR.  Thus,  for  soma  laser  media,  subnanosacond  fraquency 
stable  pulses  can  ba  obtained.  Furthermore,  since  the  resonance  fraquancy  of 
the  PCR  la  Indapandant  of  tha  cavity  length,  one  can  uaa  a  vtry  short  PCR 
cavity,  such  that  the  pulse  width  of  the  PCR  can  further  ba  shorta.ied. 

Va  shall  briefly  describe  tha  applications  of  such  device  to  tha  study  of 
optical  remota  sensing. 
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A  Rapid  Tuning  Device  for  a  CO«  LIDAR 


V.  Klein  M.  Endemann 
Battalia  Inatitut  a.V 
Abi  Romarhof  .^S 
D-6900  Frankfurt /Main  90 


1  Introduction 

A  rapid  tuning  device  for  a  TEA  COa  laser  has  been  developed 
for  multispectral  DIAL  measurements  in  the  atmosphere.  This 
equipment  is  part  of  a  LIDAR  experiment  for  the  remote 
detection.  identification  and  quantification  of  several 
atmospheric  pollutants  within  a  range  of  2  km. 

2  The  Experimental  Setup 

For  the  accurate  identification  and  quantification  of  numerous 
gaseous  pollutants  within  a  target  volume  in  the  atmosphere  it 
is  necessary  to  use  the  multispectral  differential  absorption 
technique  (examination  of  this  volume  on  several  different 
wavelengths) .  The  optical  main  components  of  this  experiment 
are  a  SOmJ  (P40)  TEA  COa  laser  with  a  repetition  rate  of 
300  Hz  and  the  above  mentioned  rapid  tuning  device,  forming 
the  transmitter  and  a  conventional  8‘'-Newtonian  telescope  with 
a  LN-cooled  HgCdTe-detector  as  the  receiver,  which  is  mounted 
directly  besides  the  laser  head.  This  LIDAR  experiment  is 
fully  controlled  by  a  16  bit  microprocessor  system  (68000 
CPU) .  The  laser  is  tuned  on  up  to  10  discrete  wavelengths  in 
the  fingerprint  region  of  9  tan  through  11  um  by  tilting 
reflective  gratings  at  the  rear  side  of  the  closed  resonator. 

For  our  application  it  is  essential  to  perform  this  tuning  in 
a  very  short  time  due  to  the  high  repetition  rate  of  the  laser 
to  probe  two  wavelengths  within  the  atmospheric  correlation 
time  (SlOms) .  This  technique  eliminates  errors  caused  by 
temporal  variations  of  the  pollutant  concentration  within  a 
given  volume  due  to  small  scale  atmospheric  turbulence 
(eddies) . 

A  single  transmitter  laser  with  high  PRF  (300  Hz)  Is  used  to 
simplify  the  alignment  and  to  improve  the  overall  reliability 
(compared  to  a  two- laser-transmitter) . 

For  our  application  it  is  desired  to  emit  pairs  of  laser 
pulses,  separated  by  3  ms.  at  a  repetition  rate  of  typically 
80  Hz.  A  rotating  polygon  mirror  in  combination  with  a  fixed 
grating,  constantly  rotating  grating  or  resonant  galvan<xneter 
scanner  would  imply  several  technical  difficulties.  Therefore 
we  selected  an  alternative  approach. 

We  have  developed  a  frequency  switching  device,  that  allows  to 
change  the  emission  wavelength  within  a  timescale  of  1  ms,  and 
allows  to  probe  up  to  10  independent  line  pairs  within  1  sec. 
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This  device  consists  of  an  optical  chopper  as  a  light  switch 
and  two  computer  controlled  reflective  gratings  (Fig.l).  The 
chopper  blade,  equipped  with  two  Si  mirrors,  is  rotating  at  a 
constant  speed  (5.000  rpm)  and  is  mounted  in  an  angle  of  45* 
with  respect  to  the  axis  of  the  resonator.  The  laser  pulses 
are  emitted  either  when  the  beam  is  directed  by  the  chopper 
mirror  onto  grating  *1  or  when  the  beam  is  passing  through 
to  grating  #2. 

The  exact  position  for  the  mirror  when  the  laser  must  fire  is 
determined  by  two  high  resolution  light  sensors  and  a  trigger 
mark  on  the  outer  surface  of  the  rotating  chopper  mirror 
itself.  The  chopper  is  actually  using  only  one  of  the  two 
mirrors  for  switching  the  light,  while  the  second  one  serves 
as  a  counterbalance  and  as  a  back  up.  The  light  is  alternately 
pointed  onto  the  two  gratings  which  are  directly  mounted  on 
the  axis  of  two  high  resolution  stepper  motors  (50.000  steps 
per  rev. ) . 

The  deflecting  angle  of  the  gratings  can  be  altered  in 
smallest  steps  of  0.126  mrad.  The  maximum  rotating  speed  is 
10  rev.  per  sec. 

The  stepper  motors  are  computer  controlled  via  intelligent 
interfaces.  Once  these  interfaces  are  programmed  it  is  pos¬ 
sible  to  perform  even  complex  sequences  of  motion  profiles  by 
transmitting  only  a  single  start  command  from  the  host 
computer.  This  leads  to  a  very  flexible  application  of  the 
tuning  device.  When  several  pairs  of  laser  pulses  have  been 
emitted  and  averaged,  both  gratings  are  repositioned  for  the 
next  set  of  wavelengths.  The  accurate  position  of  the  gratings 
is  determined  by  high  resolution  optical  encoders  (100.000 
steps  per  rev.).  Fig.  2  shows  the  actual  setup  with  the 
partly  uncovered  chopper  housing. 

Stepper  motors  are  frequently  showing  a  strong  tendency  for 
overshooting  their  final  pointing  position  and  are  confined  in 
a  damped  oscillating  around  this  position  once  they  have 
completed  their  operation.  This  oscillation  may  exceed  the 
travel  time  itself  and  is  heavily  dependent  on  the  torque  of 
the  motor  and  the  dynamic  load  on  its  axis.  For  preventing 
this  behaviour  the  present  setup  is  equipped  with  an  additio¬ 
nal  load  in  form  of  a  small  flywheel,  which  is  significantly 
damping  the  disturbing  oscillation. 
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Chopper  Nheel 
Nith  2 


Laser  bean 


Grating  H 


Fig.l  Threo'-dimensional  vi«w  of  th«  rapid  tuning  device 


Deaign  specifications  of  the  rapid  tuning  device 

Optical  elements...!  Chopping  Si  mirror,  2  Reflective  Gratings 

(150  grooves  per  nm) 

(Stopper  drive .  0C  motor  (24  Volts.  5000  rpm) 

Gratings  drive .  Stepper  motors  (50.000  steps  per  rev.) 


Pointing  accuracy  for  the  gratings .  0.126  mrad 

Maximum  settling  time  for  the  gratings  after 

rotating  into  a  new  position .  20  ms 

Shortest  time  between  two  pulses 

on  different  wavelengths .  3  ms 

Repetition  rate  for  pulse  pairs .  typ.  80  Hz 

Maximum  acceleration  of  the  grating  drives _  60  rev  per  sec^ 

Maximum  speed  of  the  grating  drives .  10  rev  per  sec 
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Fig.  2  The  complete  tuning  device,  partly  dismantled 


3  Conclusion 

A  new  rapid  tuning  device  for  a  COa  laser  has  been  developed 
for  an  application  within  a  LIOAR  experiment.  First  laboratory 
test  results  show  the  successful  approach  (3  ms  pair  separa¬ 
tion)  .  The  minimum  switching  time  between  adjacent  grating 
positions  can  be  as  low  as  20  ms.  Thus  the  achievable 
repetition  rate  for  the  pulse  pairs  cem  be  nearly  50  Hz. 
depending  on  the  selected  sequence  of  wavelengths.  Further 
laboratory  test  work  and  measurements  in  the  open  field  will 
lead  to  a  nearly  automated  system.  running  under  the 
complete  control  of  a  micro  computer. 
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An  Airborne  Ueveaeter  for  «n  Ataospheric  DIAL  Experlaent 


Joseph  H.  Goad,  Jr. 

NASA  Langley  Research  Center 
Hall  Stop  474 

Hampton,  Virginia  23665-5225 


Sunmary 

A  waveaeter  Is  being  designed  and  developed  as  a  subsystea  to  support  tl'e 
NASA  LASE  (Laser  Atmospheric  Sounding  Experiment)  ER-2  airborne  project.  The 
prime  objective  of  this  project  Is  to  use  a  DIAL  remote  sounding  system  with 
a  pulsed  tunable  Alexandrite  laser  to  measure  vertical  profiles  of  water 
vapor  and  aerosols.  The  technology  to  make  the  required  wavelength  centroid 
and  wavelength  profile  measurements  has  been  demonstrated  by  others  In 
laboratory  environments.  The  developmental  effort  In  building  this  wavemeter 
Is  to  operate  within  requirements  Inside  tiie  Q-bay  environment  of  an  ER-2 
aircraft.  In  this  environment,  the  temperature  can  vary  froa  15  to  40 
degrees  Celsius  and  the  pressure  can  vary  from  14.7  psi  to  3.5  psi.  The 
interferometers  In  the  waveaeter  must  be  Isolated  froa  this  thermal  and 
pressure  variation.  A  thermally  controlled  housing  and  thermal  vacuum 
chambers  have  been  designed  and  brassboarded  to  demonstrate  the  required 
stability. 

The  wavelength  centroid  measurement  to  aeet  the  atmospheric  science 
requirement  for  the  LASE  experiment.  Is  met  by  providing  absolute  spectral 
accuracy  of  to. 25  pi cometers  at  a  nominal  wavelength  of  729  nanometers.  The 
wavelength  spectral  profile  accuracy  Is  met  by  providing  an  Instrumental 
resolution  at  full-wldth-half-maximum  of  less  than  0.5  picometers  with  an 
amplitude  uncertainty  of  10  percent. 

Fabry-Perot  Interferometers  have  been  constructed  of  low  thermal 
expansivity  materials  to  form  the  three  stage  Instruwnt.  Two  stages 
operating  In  a  "bootstrap”  mode  provide  the  wavelength  centroid  position 
measurement;  the  third  stage  provides  data  to  retrieve  the  wavelength 
profile.  Two  laser  beam  paths  exist  In  the  wavemeter;  one  for  real-time 
control  of  the  tunable  Alexandrite  laser,  and  the  other  to  provide 
Interferometer  stability  InfonMtIon  for  post-flight  checking.  The  optical 
design  Is  shown  In  figure  1.  A  graph  of  the  long-term  opto-mechanical 
stability  Is  shown  In  figure  2.  The  data  demonstrates  that  the  Instrument 
variations  are  well  within  tO.25  picometers.  Figure  3  shows  an  example  of  a 
linearized  fringe  profile  with  an  Instrument  resolution  of  0.32  picometers. 
These  preliminary  experimental  design  data  were  measurements  with  a  single 
mode,  stabilized  He-Ne  laser. 

I  wish  to  acknowledge  the  contributions  of  the  LASE  wavemeter  subsystem 
development  and  design  team.  In  particular,  and  also  many  other  personnel 
assigned  to  the  LASE  project. 
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FIGURE  1.  OPTICAL  LAYOUT 
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PICOMETERS 

LINEARIZED  LABORATORY  FLAT  FABRY-PEROT 

FIGURE  5.  WAVELENGTH  PROFILE 


Detector  Response  Characterization  for  DIAL  Application 


H.  S.  Lee 

SH  Systems  and  Research  Corporation 
8401  Corporate  Dr..  Suite  510 
Landover.  ffi)  20785 


G.  K.  Schwenmer  and  C.  L.  Korb 
NASA/Goddard  Space  Flight  Center 
Code  617 

Greenbelt.  MO  20771 


For  accurate  DIAL  measurements,  the  detector  output  should  have  a  linear 
response  to  the  Input  light  signal.  In  addition  to  good  linearity,  the 
detector  snould  also  have  good  gain  stability  and  negligible  signal -Induced 
'’Oise. 

The  requirement  for  gain  stability  Is  less  stringent  compared  to  the  other 
requirements  as  long  as  the  gain  stability  pattern  is  preserved  between  the 
pair  of  on-line  and  off-line  pulses.  The  linearity  of  the  detector  response 
Is  critical  In  the  sense  that  the  nonlinear  behavior  of  the  PUT  responsivlty 
Is  normally  dependent  upon  the  signal  amplitude  Itself.  Therefore,  for  off¬ 
line  and  on-line  signals  which  are  not  Identical,  the  effect  o^  the  non¬ 
linearity  Is  not  cancelled  In  the  DIAL  signal  processing.  The  same  argument 
applies  for  the  signal -Induced  noise  term.  The  cause  and  characteristics  of 
the  signal -Induced  noise  which  appears  as  a  bias  Is  not  well  understood. 

To  study  the  signal -Induced  noise  characteristics,  we  have  set  up  a  laboratory 
experlitient  which  simulates  the  effects  of  strong  ground  return  signals  from 
aircraft  measurement.  The  setup  consists  of  a  stabilized  single  mode  CM  He-Ne 
laser,  a  spatial  filter,  a  narrow  slit  (5  vm)  mounted  on  a  rotating  chopper 
and  a  sec  of  auxiliary  optics  as  shown  In  Fig.  1.  The  simulated  strong  ground 
return  Ildar  pulse  Is  generated  by  chopping  the  CU  laser  beam  focused  on  the 
slit.  In  this  way,  we  generate  a  Gaussian  pulse  with  a  typical  FWHM  of  500 
nsec.  The  spatial  filter  (SF)  In  the  beam  expander  Is  used  to  create  a  near 
Gaussian  profile  of  the  laser  beam  which  Is  directly  transferred  to  a  temporal 
pulse  profile  by  the  chopper.  T'-?  PMT  is  operated  In  a  gated  mode.  The  PMT 
output  signal  Is  amplified,  digitized,  and  recorded  on  a  magnetic  tape  using 
the  pressure-temperature  Ildar  data  acquisition  system.  For  a  given  laser 
pulse  shape,  experiments  are  carried  out  by  varying  the  Intensity,  PMT  dynode 
voltage,  and  gating  time.  Preliminary  results  show  a  signal -Induced  bias 
(noise)  effect  with  a  duration  >60  us  at  the  O.IX  level.  Investigation  to 
further  chracterize  the  cause  and  effect  is  underway. 

We  have  studied  the  gain  stability  of  the  detector  system  using  a  CW  LED  light 
source.  The  PMT  Is  gated  on  for  each  signal  In  the  on-  and  off-line  pulse 
pair  for  a  duration  of  a  few  tens  of  microseconds  each.  The  temporal 
separation  of  the  pulse  pair  Is  maintained  at  300  us  to  simulate  field 
measurements.  The  PMT  output  signal  Is  then  amplified,  digitized  and  recorded 
using  the  same  data  acquisition  system.  A  set  of  data  Is  acquired  by  varying 
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the  light  Intensity,  and  PMT  dynode  voltage.  Preliminary  results  show  that 
the  absolute  gain  stability  Is  a  strong  function  of  the  PMT  dynode  voltage  as 
well  as  the  light  Intensity.  The  relative  gain  Is  stable  to  O.IX  or  better 
over  a  period  of  a  few  tens  of  ws.  The  error  due  to  this  effect  Is  further 
reduced  In  a  DIAL  measurement. 


Figure  1.  Schematic  of  Experimental  Setup 
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Speckle  Effects  on  Laser  Wavelength  Heasurements  with  a  Fizeau  Wavemeter 
Coorg  R.  Prasad*,  C.  Laurence  Korb,  and  Geary  K.  Schwemmer 

NASA/Goddard  Space  Flight  Center 
Greenbelt.  HO  20771 
Code  617 

*NRC  Research  Associate 

In  this  paper,  we  present  results  of  an  Investigation  of  laser  wavelength 
raeasurement  with  a  wavemeter  Incorporating  a  coated  Fizeau  high  resolution 
wedge.  The  effect  of  speckle  on  the  measurement  has  been  studied  and  several 
approaches  have  been  taken  to  reduce  the  effect  of  speckle. 

Measurements  of  atmospheric  pressure  and  temperature  profiles  by  a  dif¬ 
ferential  absorption  Ildar  operating  In  the  760  nm  region  and  using  absorption 
by  oxygen  In  this  region  have  been  proposed  by  Korb  et  al.**^  Absorption 
troughs  between  pairs  of  strongly  absorbing  lines  are  used  for  the  pressure 
measurements  In  order  to  desensitize  the  measurements  to  the  effects  of  laser 
frequency  Instabilities.  The  results  of  measurements  of  the  atmospheric  pres¬ 
sure  profile  made  remotely  from  an  aircraft  have  shown  an  average  deviation  of 
less  than  2  mb  from  radiosonde  data.^  Atmospheric  temperature  measurements 
call  for  the  on-line  laser  to  be  centered  on  a  narrow  absorption  line,  whose 
widths  range  from  0.1  cm~*  (FWHM)  at  sea  level  to  0.03  cm'^  (FWHM)  for  the 
Doppler-broadened  profile  at  high  altitude.  Hence,  this  calls  for  a  laser  i 
transmitter  with  a  bandwidth  narrower  than  the  line  width  (0.006  -  0.02  cm*^) 
and  a  stability  of  the  centroid  frequency  about  a  factor  of  ten  better  (0.001 
-  0.002  cm'^).  Studies  by  Korb  and  Weng'^  have  shown  that  for  a  three-mode 
laser  the  relative  frequencies  of  each  of  these  modes  should  be  known  to 
0.0006  cm*^  and  the  mode  energies  to  ten  percent. 

A  wavemeter  for  measuring  the  mean  wavelength  and  spectral  shape  of  the  pulsed 
narrow  bandwith  alexandrlte^lasers  employed  In  the  pressure-temperature  Ildar 
has  been  under  development.^  This  Instrument  contains  a  high  resolution  (HR) 
multibeam  Fizeau  wedgc^  with  a  wedge  angle  of  8  arc/sec,  a  spacing  of  6  cm  and 
a  reflectivity  of  92X  for  the  high  resolution  measurement  of  laser  frequency 
and  a  low  resolution  wedge  which  was  not  used  In  this  study.  Laser  light  Is 
Input  through  a  50  un  core  graded  Index  optical  fiber  cable  and  collimated  by 
an  off-axis  parabolic  reflector.  The  fringe  pattern  from  the  wedge  Is 
Incident  on  a  Reticon  photodiode  array  with  1024  elements  (located  on  2b  un 
centers).  The  laser  light  falling  on  the  Ml  wedge  displays  a  speckle  pattern, 
with  speckle  sizes  varying  from  2  to  15  mm  (spatial  frequencies  0.067  to  0.6 
mm*^).  This  pattern  Is  a  random  distribution  of  speckle  that  changes  with  any 
displacement  or  orientation  of  the  fiber.  Thus,  the  fringe  pattern  Incident 
on  the  diode  array  exhibits  an  Intensity  variation  due  to  speckle  that 
severely  distorts  the  fringe  pattern  produced  by  the  wedge. 

Earlier  measurements^  of  the  line  shape  of  the  narrow  bandwidth  alexandrite 
lasers  using  an  Interferometer  have  shown  that  both  the  lasers  have  a  three¬ 
mode  structure  with  a  spacing  of  0.027  cm'^  between  the  outermost  modes  for 
one  laser  and  0.016  cm"^  for  a  second  laser.  In  addition,  the  three  modes  are 
not  equally  spaced.  The  laser  output  contains  a  mix  of  frequencies  arising 
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from  laser  oscillation  In  many  transverse  modes  as  well  as  In  three  longitud¬ 
inal  modes.  As  a  result  of  the  spatially  Inhomogeneous  multimode  laser  out¬ 
put,  mixing  of  the  laser  spatial  modes  Is  required  to  assure  that  the  spectral 
Information  measured  by  the  wavemeter  Is  the  same  as  that  which  Is  used  for 
atmospheric  ii'‘asurement.  However,  the  process  of  mixing  the  output  generally 
Introduces  speckle.  One  of  the  reasons  for  using  the  multimode  optical  fiber 
Is  to  scramb'.e  the  laser  modes  while  acting  as  a  pinhole  (50  ym)  for  the  col¬ 
limator.  Tiiis  approach  however,  produces  large  speckle  elements  with  sizes 
which  are  of  the  order  of  the  fringe  spacing  of  the  HR  wedge.  Another  example 
of  a  mixer  Is  a  diffuser  which  can  also  take  the  form  of  an  Integrating  sphere 
and  which  also  produces  speckle. 

Our  approach  has  been  to  use  a  "thin"  diffuser  which  mixes  the  different 
spatial  modes.  We  have  performed  a  number  of  experiments  to  study  the  effects 
of  such  diffusers  on  the  speckle  and  also  on  the  measured  laser  llneshapes. 

For  these  experiments,  the  optical  Input  system  shown  In  Figure  1  was  used. 

The  laser  beam  was  taken  either  directly,  or  through  the  optical  fiber,  to  a 
spatial  filter  consisting  of  a  lOx  microscopic  objective  and  a  pinhole 
assembly,  and  then  collimated  using  the  off-axis  parabolic  reflector  before 
going  through  the  HR  wedge.  The  output  from  the  wedge  falls  on  the  Reticon 
diode  array.  A  cylindrical  lens  then  may  be  Introduced  between  the  HR  wedge 
and  the  diode  array.  A  continuous  wave  He-Ne  laser  oscillating  on  three  modes 
was  used  Initially  to  characterize  the  system.  The  diffuser  for  mixing  the 
spatial  modes  was  placed  on  the  pinhole  holder  at  the  focus  of  the  microscope 
objective. 

The  diffuser  can  be  considered  as  a  random  array  of  apertures  or  obstruc¬ 
tions.  In  a  "thin"  diffuser,  this  array  Is  essentially  two-dimensional  while 
In  a  "thick"  diffuser,  a  three-dimensional  distribution  of  scatterers  Is 
present.  The  pattern  of  light  emerging  from  such  a  two-dimensional  array  is 
better  suited  for  our  purpose  since  It  does  not  degrade  the  finesse  of  the 
system  substantially  by  Increasing  the  size  of  the  source  to  be  collimated.  A 
thick  diffuser  like  opal  perspex,  while  being  a  better  diffuser,  degrades  the 
finesse  of  the  system. 

Various  diffusers  were  tried  such  as  thin  parchment,  vellum  paper,  and  opal 
plastic  films.  The  surface  of  the  opal  plastic  film  has  microscopic  grooves 
which  scatter  light.  Speckle  Is  also  produced  by  these  diffusers.  The  size 
of  these  speckles  and  their  frequency  can  be  changed  by  moving  the  diffuser 
away  from  the  focus  of  the  microscopic  objective.  The  spatial  frequency  was 
as  high  as  4/mm  when  the  diffuser  Is  away  from  the  focus,  to  as  low  as  0.04/mm 
(I.e.,  a  single  speckle  element  covers  the  full  aperture  of  the  wavemeter) 
when  at  the  focus.  The  farthest  displacement  permissible  Is  set  by  the 
finesse  desired  (which  is  40),  and  this  corresponds  to  a  speckle  spatial 
frequency  of  4/mm.  For  this  value  of  the  finesse  the  laser  spot  size  at  the 
diffuser  can  be  fairly  large  (>100  ym),  and  the  energy  density  in  this  spot, 
that  Is  necessary  for  obtaining  an  acceptable  S/N  ratio  at  the  diode  array,  is 
of  the  order  of  0.1  J/cm^.  Hence,  the  chance  of  damage  to  the  diffuser  Is 
sma 1 1 . 

Since  these  speckle  patterns  change  randomly  with  any  displacement  of  the 
diffuser,  the  accuracy  of  measurement  Is  Improved  by  averaging  over  a  number 
of  measurements  wherein  the  diffuser  Is  translated  randomly  In  a  plane 
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perpendicular  to  the  optical  axis.  Further  Improvement  In  measurement 
accuracy  through  reducing  the  speckle  variance  Is  possible  by  Integrating 
vertically  along  the  fringes.  This  was  accomplished  by  Introducing  a 
cylindrical  lens.  But  the  cylindrical  lens  Itself  Introduces  errors  If  not 
positioned  precisely  since  the  elements  of  the  Reticon  diode  array  are  only 
25  yffl  high.  Instead  of  this,  a  larger  array  with  2.5  mm  high  array  elements 
was  utilized. 

For  evaluating  the  effectiveness  of  these  procedures,  the  diode  array  output 
was  acquired,  digitized,  and  stored  on  magnetic  tape.  These  data  sets  were 
then  analyzed  to  obtain  the  mean  value  and  the  variance  of  the  frequency  and 
the  relative  Intensities  of  the  different  modes  that  are  contained  In  the 
laser  output. 

The  diffuser  can  also  be  used  In  conjunction  with  the  optical  fiber  coupling 
to  Increase  the  spatial  frequency  of  the  speckle  and  thus  Improve  the  accuracy 
of  the  measurement.  In  the  first  series  of  experiments,  the  CW  He*Ne  laser 
was  the  source,  and  comparison  of  the  wavemeter  data  for  different  Input 
schemes  was  carried  out.  Following  this,  the  pulsed  alexandrite  laser  was 
used  as  the  source.  The  results  of  these  experiments  will  be  presented. 
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D«TtlopB«iit  of  Spaotral  Squipmant  for  laTostlgationa  of 
Atnoapherlo  Oaaoa 

?«S«2aoT,  VaP.LopaaoTi  Yu«S«PonoBaraTt  L«B«Siait8at 
l«S«9;7X78bkla,  A.B«AntlpoT 

fiia  Zaatituta  of  Atmoapherio  Optioat  Slbarian  Braaeb 
USSR  Aoadaar  of  Soiasoeat  iPmak,  634055 1  USSR 

HlgR-reaolutlon  laaar  apectrometwa  davaloped  at  tha  Inatltuta 
of  Ataoapherlo  Optica  for  taToatigating  tho  abaorptlon  ap^otra 
of  atDoapharlc  and  ataoepiiere  eontaalnatlng  gaaea  at  0.2  to 
10  jm  ara  raportad. 

She  eoiqplax  of  apeotromatara  conalata  of:  wlde-band  Intra- 
oaTltp  laaar  apeotroffleterai  laaar  ^eetrometera  with  multipaaa 
abaorptlon  oella  with  tha  baaa  up  to  110  m;  opto>aoouatlo  apa- 
ctromatara;  a  fluoraacenca  laaar  apactromatar. 

Zha  Intracavitf  laaar  apactrooatara  allow  tha  wlda-ranga 
racordlng  of  200  ooT^  wld'Ui  apaotra  to  ba  mada  par  pulaa  of  ga- 
naratlon  (Z*^^1  na)  at  apactral  raaolutlon  0*05  00”^  Iha  thraa- 
hold  abaorptlon  aanaitlvlty  of  apactronatara  raaohaa  10**^  to 
10**®  that  oorraaponda  to  uaa  of  10000  a  path  length  in 
olaaaloal  apaotroaoopjr. 

Wlda-band  Intracavltf  apaotroaatora  baaad  on  Hd  glaaa  la- 
aara*  d7a  laaarat  and  tharaoatabla*  rooa-taaparatura  and 
f2*>I«lF  color  laaar  a  hawa  baaa  dawalopad.  Xha  total  qpaotral 
range  of  apactroaatara  la  4000  oa"^  In  tha  range  0,55  to  1.2^. 
Zha  paraaatera  of  apaotroaatara  ara  glTaa  in  Zable. 

Laaar  apaotrophotoaatara  ware  oonatruoted  baaad  on  a  da- 
aaloal  aohaaa  with  external  aultlpaaa  abaorptlon  oalla  and  la- 
aera  with  a  narrow  (<  0*001  oai~^)  frequanoy-tunad  line  of  ga- 
naratlon.  Zo  datarmine  tha  abaoluta  valuaa  of  weak  apactral 
line  Parana tara  with  high  praclalonf  tha  aultlpaaa  abaorptlon 
cello  with  baaaa  of  3*  30  and  110  a  hare  baaa  designed.  Mdtl- 
paoa  agrataas  prowida  a  pass  langtt  to  8000  a.  A  30-a  call  has 
two  optical  agrataas  that  allow  slaultanaous  aaasuraaants  in 
two  apactral  regions.  Zha  gases  In  tha  oalla  can  ba  InTaatiga- 
tad  In  tha  taaparatura  range  -40  to  <f80*C.  Zha  spec txoaa tars 
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baaed  <m  ruby,  Rd  glass  •  alexandrite  and  dye  solution  lasers 
have  been  constructed  (see  Table)*  They  are  equipped  with  the 
wavelength  aeasuring  systena*  systens  for  conputer  signal  pro¬ 
cessing  and  have  spectral  resolution  to  lO*^  ca**'^  and  the  ab¬ 
sorption  sensitivity  lO“®  ca""** 

Opto-oeoustic  speetroaeters  provide  high-precision  aeosure- 
aents  of  relative  absorption  coefficients  of  the  gas  under  stu¬ 
dy,  and  allow  one  to  obtain  information  on  the  absorption  satu¬ 
ration  paraaeters*  At  present  the  opto-acoustic  spectrometers 
baaed  on  ruby,  Nd  glass,  CO2  lasers  have  been  constructed*  The 
spectral  resolution  of  opto-acoustic  laser  spectrometers  is  de¬ 
termined  by  laser  radiation  line  width  and  reaches  10*'^  - 
-  5  •'ICT^  caT^t  The  use  of  high-power  lasers  with  pulse  dura¬ 
tion  13-1OO  as  allows  one  to  study  nonlinear  spectroseople 
effects  in  gases* 

A  aultipurpose  laser  spectroaeter*  An  automatized  multi¬ 
purpose  laser  spectroaeter  operating  in  the  ultra-violet,  vi¬ 
sible  and  near  IH  has  been  constructed  for  obtaining  absorpti¬ 
on  and  fluorescence  spectra*  The  spectrometer  consists  oft 
1*  a  tunable  ftequency-doubled  dye  laser,  2*  a  fluorescence 
cavity  with  a  aonoehroaator,  3*  a  spectrophone  for  recording 
an  opto-acoustic  absorption  spectrum,  4*  a  multipass  gas  cell 
for  recording  the  absorption  spectra,  3*  a  system  for  proces¬ 
sing  the  data  and  controlling  a  spectroaeter  based  <»  a  compu¬ 
ter* 

The  parameters  of  the  spectrometer  arei  spectral  excitation 
range  -  265,  290-305*  350,  530,  580-610,  1O6O  na;  spectral 
range  of  fluorescence  recording  -  0.2-1, 2  pat  fluorescence 
channel  sensitivity  -  lO'^^'^ca*’^ ;  spectrophone  threshold  sen¬ 
sitivity  -  2*10*^  caT'^/Si  optical  path  length  of  absozption 
cell  -  4*4-132  a;  measurement  error  of  signal  ratio  -  0*5%* 

The  results  of  spectroscopic  investigations*  High  soisibivl- 
ty  of  the  spectrometers  constructed  allowed  one  to  record  se¬ 
veral  thousand  of  new  absoxption  lines,  many  vibration-rota¬ 
tion  bands  of  H2O,  CO2,  O2R2*  1^2^*  ^3*  ^^4*  their 

isotopes*  The  recorded  spectra  have  been  assigned,  the  spect- 
roacoplc  constants  of  aolecules  have  been  determined*  The  ab- 


UC12-3 

aozptlon  apeetra  of  ataoapherlo  air  In  the  ranga  of  laaar  ra- 
dlatioa  haaa  baan  daflnad  aora  aooura'^ely* 

Tha  apaotral  B2O  ^aozption  Una  oontour  haa  baan  atudLad, 
tha  Una  ahifta  oauaad  bp  buffar-gaa  praaaura  haya  baan  aaaau- 
radt  that  raraala  tha  naeaaaltp  of  taking  Into  account  tha  Una 
ahifta  in  tha  ataoapherlc^optloa  problaaa  to  ba  aolvad* 

Tabla*  Paraaatara  of  tha  apactroaatara 


Spactroaater 


Spectral  Spectral  Absorption 

rengOt  reaolutlont  aenaitlvlty* 

ym  ciB~1  CB*1 


Intracavity  laser  aneetrcnatera  pulsst 


Nd-glaaa 

1*05-1 #09 

0*06 

10-® 

cn-1 

20-100 

Pg’^iLlP 

0.89-0.96 

0*08 

10“7 

50-200 

Pg-iUI 

1*09-1*25 

0*08 

3*10“® 

50-500 

0]^ 

0*55-0*61 

0*05 

5*iO"7 

50-100 

Laser  snectronhotoneters 

fiubp 

0*69<^ 

10-2 

10“® 

60-4000 

Dye 

0*56— 0*6^ 

7.10-^ 

5*10”3 

60-8000 

Alexandrite 

0*71-0*8 

5*10-3 

10“® 

60-4000 

9d-glasa 

1*05-1*09 

7*10-^ 

10-7 

12-288 

ODto-acoustlc 

sneetronetera 

Buby 

0*69 

10-* 

10-9 

10® 

Nd-glass 

1*06 

5*10-3 

10-9 

10® 

Rd-glasa 

(doubled 

0*53 

5*10-3 

10-9 

2*1o7 

fraq[uancy) 

2*io7 

C02-lasar 

10.6 

IO”'* 

10-9 
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£ffeotiT«  Souroa  of  Coherant  fiadlatioii  Baaad  on 
OO^  Laaara  and  ZnfiaP2  Praquency  Convartara 

Yu.M,  AndraaTi  V«6«  Voavodlnt  P.P.  Gaiko*  A.I.  GribanyukoT* 
V.V.  ZuaT*  V*£«  Zuav 

Zha  Instituta  of  Atmoaphario  Optioa*  Sibarian  Branch 
USSR  Aoadaqy  of  Solancaa*  Zbmak*  634055*  USSR 

Iha  ZnGaP^  monocryatala  hava  high  nonlinear  figure  of  oarit* 
third  after  Za  and  CdGaAa2.ZnGaP2  ia  aufficiently  birefringent 
(B  ■  ♦  0.04)  for  thraeofrequency  matching  mixing  practically 
all  over  the  tranamiaaion  range*  Howayar*  mainly  due  to  low  op¬ 
tical  trahamiaalon  of  the  monocryatala  available*  the  axpari- 
mental  atudiea  of  frequency  convertera  (PC)  have  been  limited 
until  recently  to  approbation  of  the  GO2  laaar  radiation  up- 
[1  ]  and  downconvertera  [21  • 

Zha  technological  advancaa  allowed  ua  to  obtain  the  ZnGaP2 
monocrya^al  bulla  of  20  to  25  mm  diameter  and  150  mm  length* 

Zha  epactral  behavior  of  the  abaorptlon  coefficient  oC  for 
four  cryatala  ia  praaentad  in  Pig*  1*  lha  aamplaa  3  and  4  are 
unique  [3] *  Iba  yield  of  aaaplaa  with  the  maximum  tranamiaaion 
range  oC  >  0*1  ***0*2  cm**^  la  aevaral  par  cant*  Significant  ex¬ 
ceeding  of  loaaaa  for  the  extraordinary  wavaa  haa  been  obaar- 
ved  in  the  region  of  ao-callad  ahort-wava  anomaloua  "ahouldar” 
of  abaorptlon*  Zha  diffarwca  ia  cauaad  by  the  praaenca  of 
growth  layera  and  oriented  aacond-phaaa  inoluaiona*  Zhe  abaorp- 
tion  peak  at  9***9*1  jum  ia  aaaumed  to  be  eoxmacted  not  witii  a 
three-phonon  abaotption  only  [2]*  ainca  cryatal-to-  oryatal  va- 
riationa  of  peak  Intenaily  are  obaarved*  Aa  foUowa  from  the 
analyaia  of  optical  proper tlaa*  the  ZaGaP2  monocxyatala  are 
moat  applicable  for  converalon  of  2*  **8.5  jam  radiationa*  In 
particular*  they  are  the  moat  efficient  frequency  doublera  of 
CO  laaar  radiation*  PB  angle  for  SHG  ia  praaentad  In  Pig*  2* 
Zha  charactarlatioa  of  different  C02-laaar  PC  with  ZnGeF2 
have  bean  experimentally  invaatlgatad*  Zha  work  haa  bean  dona 
together  with  the  laaar  daaignara  C4-8}.  Zha  CO  laaar  frequen¬ 
cy  doubler  [9]  anablaa  one  to  atudy  In  detail  the  poaaibilitiao 
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Tabl*.  Paraffletera  of  Fraqu«icy  ConTortara 


\ 


V 


Fig.  3.  CO  laser  generation  pulses  power  (1)  and  duration  (2) 
and  the  SHG  external  efficiency  %  Tarsus  modulation 
frequency  f  at  dlfferttxt  puaqping-beam  mode  strxic- 
tures. 
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of  cascade  fourth-harmonic  generation  ifAQ)  of  CO^  lasers. 

In  all  the  cases  the  type  I  phase-matching  conversions 
have  been  studied.  Some  crystals  were  partially  anti-reflec¬ 
tion  coated,  the  others  were  oriented  close  to  the  Brewster 
angle.  The  crystal  length  was  mainly  7. ..10. 5  ora.  A  3  ora  crys¬ 
tal  was  used  in  the  first  cascade  of  FHG  of  a  hybrid  CO2  la¬ 
ser,  and  a  7  ooffl  crystal  was  used  in  the  second  one.  The  effi¬ 
ciency  of  the  second  cascade  was  limited  by  absorption  of 
plasma  formed  on  a  filter  placed  in  front  of  it.  The  sum 
frequency  generation  of  nonselective  3.7  W  CO^  laser  radia¬ 
tion  and  4.7  W  CO  laser  radiation  was  obtained  in  a  3.1  nm 
crystal  at  a  beam  convergence  angle  0.3**.  A  CO  laser  radia¬ 
tion  parameters  and  SHG  efficiency  are  presented  in  Fig.  3. 

The  3.1/^  maximum  of  average-power  SHG  efficiency  of  a  Q-swlt- 
ched  00  laser  was  obtained  at  84.3  mW  pumping  at  f  >  75  Hz. 

Cie  4  mW  maximum  of  the  average  SH  radiation  power  was  obtai¬ 
ned  at  194  mW  at  f  «  89  Hz.  The  external  angular  acceptance 
width  for  SHG  of  CO^  t.'d  CO  lasers  and  sum-frequency  harmonic 
were  4®»  2®06'  and  2*50'  (without  radiation  selection)  res¬ 
pectively.  The  temperature  synchronism  widths  were  45*C...50*C 
in  the  first  ease,  and  80*C  in  the  second  case.  The  sour¬ 
ces  developed  are  applicable  for  solving  many  problems  of 
applied  spectroscopy. 
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The  relative  merits  and  technical  differences  between  direct-detection  and 
heterodyne-detection  for  CO2  lidar  are  well  known.  Direct-detection  ofers  enhanced 

information  concerning  the  average  intensity  of  the  lidar  returns  but  at  th  a  expense  of 
reduced  signal-to-noise  level.  Heterodyne  detection  requires  an  increa  ^e  in  system 
complexity,  provides  an  enhancement  in  the  S/N  ratio  of  4  to  6  orders  .>f  magnitude, 
but  is  limited  in  its  ability  to  scan  rapidly  through  several  CO2  laser  lines. 

Recently  a  new  detection  technique  has  been  studied  which  provides  signal 
detection  of  the  lidar  returns  and  combines  some  of  the  advantages  of  both  heterodyne 
and  direct  detection.  In  this  technique,  a  CO2  laser  pre-amplifier  is  placed  between 

the  lidar  telescope  and  optical  detector  and  serves  as  an  optical  amplifier  of  the 
received  lidar  photons.  The  technique  is  not  new.  it  was  first  used  in  the  1 950's  with 
the  development  of  the  ammonia  maser,  and  was  originally  used  to  amplify  optical 
emission  from  astronomical  ammonia  sources.  Such  optical  amplifier  techniques 
have  been  investigated  in  the  past,  but  problems  were  often  encountered  with  the 
gain,  spontaneous  emission  noise,  and  entrance  fieid-of-view .  with  the  result  that  the 
device  could  not  be  used  in  a  practical  system.  ^  Recently,  the  development  of  a 
low-pressure,  pulsed  discharge,  multi-pass  CO2  laser  amplifier  has  overcome  most  of 


these  problems  and  has  been  shown  to  provide  enhanced  detection  in  laboratory 
experiments.^ 


In  this  paper  we  report  the  first  experimental  use  of  such  a  laser  pre-amplifier  in  a 
tunable,  single-frequency  CO2  lidar  system.  This  technique  has  demonstrated  an 

improvement  in  the  S/N  ratio  of  the  lidar  returns  of  up  to  200.  A  schematic  of  the  lidar 


*This  work  was  supported  by  the  National  Aeronautics  and  Space  Administration 


system  is  shown  in  Fig.1 .  A  pulsed.  hybrid-TEA  CO2  laser  (Laser  Science  Inc., 

PRF-150)  was  used  to  generate  100  mJ,  300  ns  duration,  single-frequency,  3  Mhz 
linewidth.  laser  pulses  which  were  tunable  over  approximately  40  lines .  The  output 
from  the  laser  was  monitored  by  spectrometers  and  power  meters,  and  the  majority  of 
the  laser  output  was  directed  out  the  laboratory  window  toward  a  topographic  target( 
building)  at  a  range  of  300m.  The  backscattered  tidar  returns  were  detected  by  a 
30-cm  diameter  telescope,  recoliimated  into  a  20  mm  diameter  beam  with  a  length  of 
1 .5  m,  and  focused  onto  a  cooled  HgCdTe  detector.  Measurements  of  the  lidar  signal 
level  and  background  noise  level  were  recorded. 

The  laser  pre-amplifier  placed  infront  of  the  detector  was  developed  at  Pulse 
Systems  Inc.  and  consisted  of  a  low-pressure  (40  Torr),  pulsed  discharge  CO2  laser 

which  was  operated  as  a  traveling-wave- amplifier  within  a  seven-pass  folded  optical 
path.2  The  temporal  profile  of  the  optical  gain  of  the  pre-amplifier  is  shown  in  Rg.  2 
and  lasts  for  approximately  200  |xs.  The  linearity  of  the  laser  pre-amplifier  was  tested 
in  the  laboratory  by  passing  a  CO2  laser  pulse  through  the  pre-amplifier  and 

measuring  the  change  in  the  amplitude  of  the  pulse.  By  varying  the  amplitude,  the 
linearity  of  the  optical  gain  was  measured  as  a  function  of  amplitude  and  the  results 
are  shown  in  Fig.  3.  As  can  be  seen,  the  pre-amplifier  was  linear  in  gain  over  a  range 
of  nearly  4  orders  of  magnitude  in  variation  of  the  input  pulse  amplitude.  Such  results 
are  important  since  they  imply  that  the  pre-amplifier  can  be  used  in  a  DIAL  system 
without  distorting  the  amplitude  of  the  returned  lidar  pulse  amplitudes.  Further  details 
of  the  design  considerations  of  the  laser  pre-amplifier  have  been  presented 
elsewhere^  and  in  a  companion  paper  at  this  meeting. 


The  lidar  tests  were  conducted  by  first  measuring  the  signal  and  noise  vaiues  of  the 
lidar  detector  signals  as  viewed  on  an  oscillosa}pe  without  the  pre-amplifier  in  the 
optical  path.  The  pre-amplifier  was  then  inserted  into  the  optical  path  as  shown  in 
Rg.1 .  Measurement  of  the  S/N  values  prior  to  turning  on  the  discharge  indicated  that 
the  optical  insertion  loss  was  a  factor  of  4.  Rnally,  the  pre-amplifier  Ipser  discharge 
was  tumed-on  and  the  S/N  values  measured.  The  observed  gain  in  the  signal  level 
of  the  lidar  return  after  turning-on  the  pre-amplifier  discharge  was  approximately  800, 
with  no  increase  in  the  measured  noise  level  observed.  Taking  into  account  the 
optical  insertion  loss,  the  appropriate  gain  in  the  lidar  S/N  ratio  was  ,  thus,  200.  The 
gain  was  found  to  be  sensitive  to  the  relative  optical  alignment  of  the  lidar  telescope 
and  entrance/exit  optics  of  the  pre-amplifier  and  detector.  The  amplitude  stability  of 
the  returned  lidar  signals  appeared  to  be  the  same  as  the  laser  pulse  amplitude 
stability.  While  most  of  the  optical  gain  tests  were  conducted  using  the  1 0.6  pm  P(22) 
CO2  line,  similar  results  were  obtained  as  the  CO2  laser  was  tuned  through  most  of  the 
prominent  lines  of  the  9.6  pm  and  10.6  pm  bands. 

In  conclusion,  these  preliminary  studies  have  indicated  the  advantages  and 
technical  difficulties  in  the  use  of  the  pre-amplifier.  While,  in  general,  the  results  are 
quite  encouraging,  several  features  and  operating  parameters  have  been  quantified 
which  appear  to  influence  the  utility  of  the  pre-amplifier  for  use  in  a  practical  lidar 
system.  These  factors  include,  for  brevity,  (1)  the  advantage  that  only  optical 
radiation  falling  within  the  linewidth  of  the  CO2  laser  lines  is  amplified,  (2)  the  use  of  a 
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pulsed,  high-gain  discharge  results  in  significant  signal  gain  without  the  usuc! 
increase  in  background  optical  noise,  (3)  amplified  spontaneous  amission  (ASE)  is  the 
dominant  noise  source,  (4)  the  optical  design  is  a  compromise  of  several  factors  which 
consider  the  interplay  of  total  optical  gain  and  ASE,  and  the  field-of-view  of  the 
entrance  and  exit  optics.  (5)  care  must  bo  used  to  make  sure  the  pre-amplifier  itself 
does  not  go  into  self-lasing,  (6)  while  the  optical  gain  varies  during  the  200ps  pulse 
discharge,  it  is  rather  easy  to  measure  the  enhanced  gain  of  the  lidar  pulse  which 
appears  on-top  ot  the  ASE  pulse  envelope  (see  Fig.  2),  and  (7)  a  hybrid-TEA  CO2 

laser  with  frequency  stability  of  only  10  to  20  MHz  is  quite  adequate  to  ensure  that  the 
laser  linewidth  falls  within  the  bandwidth  of  the  pre-amplifier.  Further  studies  are 
being  conducted  to  investigate  these  factors  and  better  quantify  the  gain  parameters  of 
the  pre-amplifier. 


References: 

1.  H.  Hiesimair,  C.J.  Bickart.  and  J.N.  Fulton.  IEEE  J.  Quant.  Elect.  86  (1970). 

2.  E.J.  McLellan,  B.  Fisher,  D.K.  Thomas,  and  J.L  Button,  "Optical  Pre-Amplifier 
Performance  for  CO2  Lidar  Applications",  Paper  FB3,  Conf.  Lasers  and  Electro-Optics, 

June  (1986). 


306 


NC14-4 


Fig.1  Schematic  of  C02Udar  System 
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Plans  for  an  Airborne  Nultlspectral  Laser  Imaging 
Polarimeter  System 


James  E.  Ralshoven,  Jr 

NASA  Goddard  Space  Flight  Center 
Sensor  Concepts  and  Development  Branch/625 
Greenbelt,  HD  20771 


There  has  been  difficulty  in  making  effective  use  of  the  natural 
depolarization  properties  of  the  Earth's  surface  as  a  parameter 
in  land  remote  sensing.  This  arises  from  the  problem  in  building 
a  theoretical  foundation  upon  which  to  Interpret  the  data  from 
reflected  polarized  solar  radiation  which  is  complicated  by 
atmospheric  effects  and  a  diversity  of  viewing  and  phase  angles. 
By  designing  an  experiment  that  substantially  eliminates  the 
atmospheric  and  phase  angle  effects,  a  data  base  could  be 
developed  upon  which  theoretical  models  could  be  verified, 
refined,  and  predictions  made.  This  is  the  goal  of  an  airborne 
Imaging  polarimeter  system  being  planned  at  NASA  Goddard  Space 
Flight  Center. 

By  Illuminating  the  surface  with  lOOf  polarized  light,  the  degree 
of  depolarization  can  be  measured  by  a  remote  sensor.  This 
depolarization  varies  with  surface  characteristics,  including 
soil  type  and  moisture  content,  plant  species  and  stress 
conditions,  and  ocean,  lake,  and  river  dissolved  and  suspended 
matter.C 1 ] , [2]  By  using  different  wavelengths,  additional 
'’orrelatlons  can  be  made  to  extract  information  from  the 
surface. C3] 

The  planned  system  would  employ  a  frequency  doubled,  polarized 
Nd:YAG  pulsed  laser  as  the  source  to  provide  irradlance  at  1060 
and  530  nm.  A  cylindrical  lens  would  diverge  the  laser  beam 
along  one  axis  while  leaving  it  unaffected  in  the  other  axis. 
This  line  of  light  would  then  irradiate  the  surface  of  interest 
in  a  direction  perpendicular  to  the  line  of  flight.  A  dual 
telescopic  receiving  system  would  be  used  at  each  wavelength  to 
detect  the  two  orthogonal  polarization  states  of  the  reflected 
radiation.  Each  wavelength  would  require  two  telescopes  with  the 
oroperly  oriented  polarization  filter  and  narrow  bandpass 
frequency  filter.  A  third  telescope  could  be  added  if  the 
azimuth  of  polarization  is  desired  as  explained  in  the  next 
oaragraph.  In  the  focal  plane  of  each  telescope  would  be  mounted 
a  linear  array  of  detectors  oriented  parallel  to  the  transmitted 
line  of  laser  light.  An  image  of  the  surface  under  investigation 
would  then  be  generated  as  the  system  moves  along  in  the  aircraft 
perpendicular  to  the  line  of  laser  light.  Each  pulse  of  the 
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laser  would  contribute  an  additional  narrow  swath  of  crosstraok 
data  to  produce  the  continuous  laage. 

Measurement  of  the  orthogonal  polarizations »  A(0)  and  A(90),  at 
the  detector  arrays  allows  the  determination  of  the  I  and  Q 
Stokes  parameters  for  calculating  the  polarization  factor,  P,  as 
follows: 


I  a  A(0)  A(90) 

Q  s  A(0)  -  A(90) 

P  a  Q/I 

By  employing  an  additional  receiving  telescope  and  detector 
combination  and  measuring  polarization  at  0,  60  and  120  degrees, 
the  additional  U  Stokes  parameter  can  be  determined  to  allow  the 
calculation  of  the  azimuth  of  polarization,  0,  as  follows: 


I  a  2/3[A(0)  ♦  A(60)  ♦  A(120)] 

0  a  2/3C2A(0)  -  A(60)  -  A(120)] 
0  a  -2/3[A(120)  -  A(60)] 

0  a  1/2  arctanCU/Q] 


Images  can  be  generated  as  described  by  Prosch  [4]  In  the  triple 
telescope  system,  or  through  computer  manipulation  and 
enhancement  In  either  the  dual  or  triple  telescope  system. 

There  are  many  variations  and  tradeoffs  possible  on  actual  system 
specifications.  Aircraft  flight  qualified  Nd:Tag  lasers  with 
energy  of  at  least  500  mj  (91060  nm)  and  300  mj  (9530  nm)  p*r 
pulse  are  In  use  at  NASA.  Using  a  fast  50  mm  lens  for  each 
polarization  state  and  wavelength  and  a  512  element  linear  array 
with  at  least  5!t  Q.E.  at  1060  nm,  SNR*s  approaching  100  at  1060 
nm  and  50  at  530  nm  can  be  obtained.  This  assumes  a  narrow 
spectral  filter  (less  than  10  nm)  for  daytime  observations.  Each 
pulse  would  Irradiate  a  surface  area  of  about  2.5  by  400  meters 
from  an  altitude  of  1000  meters.  Depolarization  measurements  of 
3  to  5f  can  be  obtained. 

Production  of  depolarization  Images  of  the  Earth's  surface,  as 
opposed  to  "point  measurements,”  will  be  significant  to  Earth 
resources  analysis.  It  will  provide  a  new  field  parameter  for 
theoretical  modeling  programs  and  aid  In  the  Interpretation  of 
passive  spaceborne  solar  polarization  measurements. 
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Dtsign  Concepts  for  An  Advsncod  Airbomt 
Neteorologicol  Lldar  (LASE  I!) 

Geary  Schwenaer 
Laboratory  for  Atnospheres 
NASA/Goddard  Space  Flight  Center 
Greenbelt.  HO  20771 

The  use  of  differential  absorption  Ildar  (DIAL)  Instruaents  In  high  altitude 
aircraft  platforms  for  mesoscale  meteorological  applications  dictates 
requirements  on  the  Instrument  systems  Mhich  approximate  or  approach 
spacecraft  platform  requirements.  Unattended  automated  operation,  power, 
mass,  volume,  and  data  rate  may  be  constrained  to  some  extent.  The  ability  to 
utilize  such  a  platform  provides  a  good  opportunity  to  demonstrate  technology 
developments  which  will  enhance  the  possibility  of  developing  spaceborne  Ildar 
atmospheric  sounders.  This  paper  describes  the  Investigation  of  techniques  to 
Increase  alexandrite  laser  efficiency  and  frequency  stability,  and  the  use  of 
Fabry-Perot  etalons  In  a  double  narrow«passband  receiver  filter. 

NASA/Goddard *s  Laboratory  for  Atmospheres  Is  Investigating  the  feasibility  of 
a  number  of  techniques  to  Increase  the  capabilities  of  meteorological  Ildar  as 
part  of  feasibility  studies  for  LASE  II.  LASE  II  Includes  a  DIAL  Instrument 
that  will  measure  atmospheric  temperature  and  pressure  profiles  for  mesoscale 
meteorology.  It  Is  designed  to  modularly  conform  to  the  LASE  facility 
developed  by  NASA/Langley  Research  Center.  The  LASE  facility  will  be 
Installed  In  NASA's  ER>2  high  altitude  research  aircraft.  Considering  the 
typical  0,1%  efficiency  of  narrowband  alexandrite  lasers  presently  being  used 
In  ground-  and  aircraft -based  Ildar  systems,  an  ER-2-based  system  would 
require  between  3  and  4  kw  of  electrical  power.  A  polar  orbiting  system  would 
require  about  8  kw. 

The  primary  reasons  for  such  a  low  efficiency  are: 

1)  The  xenon  flashlamps  used  to  pump  alexandrite  have  a  large  portion  cf 
their  energy  In  spectral  regions  which  are  not  absorbed  by  the  laser  rod,  and 

2)  The  use  of  lossy  Intracavity  etalons  to  spectrally  narrow  and  tune  the 
laser  output  Increases  laser  threshold  and  decreases  gain,  therefore  decreas¬ 
ing  the  laser  efficiency.  Alexandrite  lasers  that  do  not  use  high  resolution 
tuning  optics,  and  which  are  optimized  for  efficiency,  routinely  achieve  IX 
and  greater  efficiency. 

To  avoid  the  loss  In  efficiency  due  to  tuning  optics  Insertion  losses,  we  are 
experimentally  evaluating  the  use  of  tunable  narrowband,  single  mode  diode 
lasers  as  an  Injection  source  for  high  power  pulsed  alexandrite  lasers.  By 
forcing  the  pulsed  laser  radiation  to  build  up  from  the  narrowband  Injected 
radiation,  most  If  not  all  of  the  frequency  selective  tuning  optics  may  be 
removed  from  the  cavity  allowing  large  Increases  In  efficiency.  Injection 
locking  a  high  power  pulsed  laser  with  low  power  narrowband  laser  radiation 
nas  long  been  used  In  CO2  and  dye  lasers.  Allied  Corporation  has  successfully 
demonstrated  the  use  of  single  mode  diode  lasers  to  Injection  lock  a  high 
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power  pulsed  alexandrite  laser^.  Under  a  contract  from  NASA,^  Allied  Is 
developing  a  frequency-stabilized,  diode  Injection  locked  narrowband 
alexandrite  laser  to  characterize  Its  output  qualities  and  evaluate  Its 
potential  as  a  LASE  II  transmitter.  In  addition,  the  Laboratory  for 
Atmospheres  Is  experimentally  Investigating  techniques  for  active  frequency 
stabilization  of  diode  lasers  to  features  In  the  oxygen  absorption  spectrum  ai 
760  and  770  nm  that  we  use  to  make  Ildar  mease rentents  of  atmospheric  pressure 
and  temperature.^ 

To  address  the  problem  of  Inefficient  spectral  match  of  flashlamp  pumping  and 
alexandrite  absorption,  we  will  be  looking  at  the  possibility  of  pumping 
alexandrite  with  the  frequency  doubled  output  of  diode  pumped  Nd:YAG  lasers, 
and.  should  they  be  developed,  with  visible  red  diode  lasers.  A  small, 
continuous-wave  alexandrite  laser  was  operated  with  near  SOX  conversion 
efficiency  when  pumped  with  647  nm  radiation  from  a  krypton  laser.® 

Presently,  our  efforts  are  confined  to  modeling  the  characteristics  of  laser 
pumped  alexandrite  lasers. 

The  requirement  to  make  daytime  as  well  as  nighttime  temperature  profile 
measurements  with  LASE  II  Imposes  design  criteria  on  the  receiver  optics  that 
are  used  to  reduce  the  daytime  background  radiation  by  eight  orders  of 
magnitude.  The  receiver  field  of  view  should  not  be  smaller  than  1  mrad  In 
order  to  completely  encompass  the  transmitted  laser  beams  which  must  have  a 
divergence  of  0.7  mrad  or  greater  due  to  eye  safety.  Additional  background 
rejection  Is  accomplished  by  using  optical  filtering  with  a  total  bandpass  of 
0.48  cm  FUHM.  Since  the  on-line  and  off-line  laser  wavelengths  may  be 
separated  by  more  than  this  amount,  a  double  bandpass  filter  Is  used,  each 
with  a  bandpass  of  0.24  cm"^  FWHM.  To  achieve  the  double  narrow  bandpass  and 
high  throughput,  we  are  examining  the  use  of  tandem  Fabry-Perot  etalons  with 
spacings  chosen  so  that  the  resultant  combined  free  spectral  range  Is  the 
product  of  the  two  Individual  free  spectral  ranges.  Two  of  the  resulting 
passbands  are  Isolated  and  the  others  blocked  using  a  suitable  Interference 
filter  with  a  bandwidth  of  approximately  1  to  2  nm. 

Design  concept  details  for  the  diode  laser  Injection  locked  alexandrite 
transmitter  and  the  double  narrow  bandpass  receiver  filter  will  be  presented 
and  discussed. 
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Overview  of  an  Advanced  Udar  for  an  Atmoqriierk  Temperature  Profile 

Measurements  Program 


Bertrand  L.  Jtdmson,  Jr.*,  C.  Laurence  Korb*.  Pierre  Flamant^,  Mireille  BourdetS 
John  Degnan*,  Gerard  Megie^,  S.  Harvey  Melfi*,  Geary  Schwemmer*, 

Louis  Uccellini* 


Introduction 

The  LASE  (Laser  Atmospheric  Sensing  Experiment)  program  is  managed  by  the 
NASA  Langley  Research  Center  (LaRQ  and  is  the  d^elopment  of  a  m^ular  lidar 
facility  which  can  be  operated  autonomously  from  the  high  altitude  (60,000  feet) 
NASA  ER-2  aircraft.  Phase  I  of  this  program  is  the  development  of  a  lidar 
instrument  system  by  LaRC  to  measure  atmospheric  water  vapor  profiles.  Phase  II 
(also  refered  to  as  LASE  II)  is  die  developmertt  by  the  NASA  Goddard  Space  Right 
Center  (GSFCT),  in  cooperation  with  the  C^tre  National  d'Etudes  Spatiales  of  France, 
of  an  advanced  lidar  instrument  system  to  measure  temperature  and  pressure  profiles 
of  the  earth's  atmosphere.  GSFC  is  developing  the  solid  state  (Alexandrite)  laser 
transmitters  for  both  phase  I  and  phase  IL 

Science 

The  scientific  objectives  of  the  LASE  n  effort  center  on  the  study  of  mesoscale 
phenomena  and  take  advantage  of  the  high  altitude  capability  of  the  ER-2  aircraft. 
The  LASE  n  system  will  provide  a  unique  da^  set  to  study  the  interaction  between 
stratospheric  extrusion  and  ocean-influenced  planetary  boundary  layer  prior  to  and 
during  major  oceanic  cyclone  events.  The  observational  requirements  are:  for 
altitude  range  -  0  to  15  Ira;  vertical  resolution  •  0.5  km;  horizontal  resolution  - 10 
km;  and  temperature  accuracy  -  ^1  degree  K. 


*  National  Aeronautics  and  Space  Administration,  Goddard  Space  Right  Onter, 
Greenbelt,  Maryland  20771,  USA 

^  Ecole  Polytechneque,  Laboratoire  de  Meteorologie  Dynamique  du  CNRS,  91128 
Palaiseau  C^x,  France 

^  CNRS  Institut  National  d'Astronomie  et  de  Geophysique,  77,  avenue 
Den/ert-Rochereau,  75014,  Paris,  France 

^  Centre  Natitmal  de  a!  Recherche  Scientiflque  (CNRS),  Service  (TAeronmnie,  91 370 
Verrieres-le-Buisson,  France 
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Lidar  Temperature  Measurement 

A  differential  absorption  lidar  (DIAL)  technique  forms  the  basis  for  the  proposed 
high  accuracy  temperature  and  pressure  measurement.  It  uses  two  tunable  pulsed 
lasers,  one  located  on  a  portion  of  a  resonant  absorption  line  of  oxygen  and  a  second  at 
a  nearby  reference  frequency.  The  energy  backscattered  at  each  frequency  by 
aerosols  and  molecules  in  the  atmosphere  is  measured  as.a  function  of  time  using  a 
range  gated  receiver  which  allows  the  atmospheric  oxygen  absorption  to  be  measured 
over  a  known  path.  Since  oxygen  is  uniformly  mixed  in  the  atmosphere,  and  the 
mixing  ratio  is  known  a  priori,  then  the  measurements  can  be  structured  to  determine 
either  the  temperature  or  pressure  profile.  A  two-wavelength  differential  absorption 
lidar  technique  developed  by  Korb  et  al  of  GSFC  is  used  for  measuring  the 
atmospheric  temperature  profile.  The  approach  uses  a  measurement  of  the 
absorption  at  the  center  of  a  line  in  the  oxygen  A  band  which  originates  from  a 
quantum  state  that  depends  strongly  on  temperature  through  the  Boltzmann 
distribution  and  can  be  used  to  obtain  a  highly  sensitive  temperature  determination  . 
A  small  change  in  temperature  produces  a  large  change  in  absorption  coefficient; 
roughtly  1.5%  per  degree  K.  The  atmospheric  absorption  coefficient  is  found 
experimentally  using  the  ratio  of  the  on-line  and  reference  backscattered  signals. 


Instrumentation 

The  laser  transmitter  to  be  developed  for  LASE  11  is  a  tunable  dual  wavelength 
Alexandrite:  tunable  over  the  range  759  to  770  nm.  The  Alexandrite  laser 
transmitter  for  the  LaRC  LASE  I  program,  presently  undergoing  integration  and 
testing,  is  tunable  over  the  range  of  720  to  780  nm.  The  LASE  11  transmitter  will  be 
based  on  this  development.  The  proposed  baseline  approach  is  for  a  long  folded 
resonator  design  and  injection-locking  techniques  are  presently  being  studied  to 
narrow  the  linewidth,  and  increase  laser  efficiency  and  frequency  stability. 

CNES/CNRS  of  France  is  developing  the  wavemeter  which  will  measure  the  spectral 
characteristics  of  the  laser  beams  for  each  emitted  pulse.  The  values  of  the  two 
centroid  wavelengths  ate  computed  by  the  wavemeter  in  real  time  and  ate  used  in  a 
servo-loop  to  provide  active  control  of  the  laser  frequency.  The  complete 
information  on  the  measured  spectral  profiles  is  sent  to  Ae  system  computer  for 
storage.  True  spectral  energy  distribution  is  computed  during  post  analysis. 

Daytime  and  nighttime  measurements  will  be  made  and  the  receiving  optics  must 
reduce  daytime  background  radiation  greatly  (»10^  times).  To  accomplish  this,  a 
dual  bandpass  filter  system  using  Fabry-Perot  etalons  is  being  investigated. 
Laboratory  studies  to  improve  PMT  detectors  for  this  application  are  continuing. 
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To  meet  die  scientific  objectives  of  the  experiment  the  laser  linewidth  must  be 
narrower  than  O.OOS  cm’^  and  controlled  to  0.001  cm^^.  The  wavemeter  must 
measure  the  absolute  value  of  the  frequency  to  0.001  cm'^.  The  required  receiver 
bandwidth  is  0.24  cm'^  for  each  laser  wavelength. 

Status 

hi-flight  atmoqiheric  pressure  profiles  have  been  made  by  Korb  et  al  cm  the  NASA 
Wallops  Fhg^  Facility  Electra  aircraft  Ground-based  lidv  aonospheric  temperature 
measurements  have  also  been  made.  This  research  program  is  continuing  and  an 
upgraded  lidar  system  is  scheduled  to  make  fiiidier  pressure  measurements  near  the 
end  of  diis  year.  With  further  system  refinements  flight  lidar  temperature  profile 
measurements  are  planned  late  in  1988.  We  anticipate  diat  the  LASE II  system  will 
fly  in  1993. 
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XaplMMotlng  a  Haw  Hl^>SpacCral-KaaoluCloD  Lidar  Tadmiiiaa  for 
BaekaeaCtar  Batlo  and  Atnoapharie  Tonparatura  Profiling 


C.  Y.  She,  R.  J.  Alvarez  II,  H.  Moosnaller,  and  D.  A.  Krueger 

Physics  DepartaenC 
Colorado  State  University 
Fort  Collins,  Colorado  80523 


Lidar  systems  rely  on  backseattering  from  air  molecules  (Rayleigh 
scattering)  and  from  suspended  aerosol  particles  (Hie  scattering)  for  their 
return  signal.  Due  to  the  thermal  motion  of  both  molecules  and  particles  the 
backscattered  light  is  Doppler  broadened  in  frequency.  Molecular 
backseattering  has  a  temperature  dependent  linewidth  of  2  GHz.  Aerosol 
particles,  being  many  orders  of  magnitude  heavier  than  molecules,  show  much 
slower  thermal  motion  and  the  resulting  Doppler  broadening  can  be  neglected  in 
most  circumstances.  The  spectrum  of  backscattered  light,  consisting  of  a  wide 
Rayleigh  and  a  narrow  Hie  scattering  component,  is  shown  in  Fig.  1(a).  Basic 


Fig.  1.  (a)  Rayleigh/Mie  light  scattering 
spectrum  of  air  molecules  consisting  of  a 
sharp  aerosol  peak  and  a  broadened  molecular 
Rayleigh  spectrum.  In  the  same  figure,  the 
transmission  curves  of  two  atomic  filters, 
F'  (i/)  at  low  temperature  and  F(w)  at  hi^er 
temperature,  are  shown.  Residual  scattering 
spectra  after  the  transmission  through  the 
low  temperature  filter  and  high  temperature 
filter  are  given  in  (b)  and  (e),  respec¬ 
tively. 
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Ildar  taehnlquas  do  not  saparata  thasa  c«o  signal  coapononts  and  a  lot  of 
Intarostlng  Informaclon  Inharant  to  cha  ratum  signal  la  lost.  Vftiat  Is  left 
Is  tha  ability  to  localize  spatial  gradients  In  the  density  of  backseatters , 
which  are  aostly  due  to  clouds,  haze,  saoke  pluses  and  Inversion  layers. 
Further  Infomatlon  such  as  aerosol  backscatter  ratio  and  ataospherlc 
teaperature  can  be  obtained  froa  a  basic  Ildar  systea  only  if  assiuq>tlons  on 
ataospherlc  extinction  and  air  aolecular  density  based  on  aodellng  or  on  ocher 
aeasureaents  are  aade.  Techniques  chat  can  be  used  Co  aeasure  these 
paraaeters  directly  are  therefore  of  Interest.  While  Raaan  scattering  and 
differential  absorption  have  been  used  to  aeasure  tropospheric  teaperature, 
Che  slgnal*to*nolse  of  these  Ildar  taehnlquas  Is  lower  chan  that  of  the 
Raylelgh'Nle  scattering  technique.  In  order  to  extract  ataospherlc 
Infomatlon  froa  Raylelgh*Mle  scattering,  the  aerosol-  and  aolecular- 
scattering  coaponents,  which  are  contained  In  a  narrow  bandwidth  of  2  GHz, 
ausC  be  spectrally  separated  and  analyzed.  An  obvious  solution  Is  to  use  a 
scanning  Fabry-PeroC  Interferoaeter  to  analyze  Che  speccrua  of  the  scattered 
light  Induced  by  a  single- frequency  laser  Indeed,  the  early  and  only 
ataospherlc  paraaeter  aeaaureaent  using  Raylelgh-Nle  scattering  was  perforaed 
In  this  aanner.^  In  this  1971  experlaent,  Flocco  and  co-workers  aade  a  reaote 
teaperature  aeasureaent  at  4-ka  height;  they  achieved  a  aeasureaenC  accuracy 
of  a  few  degrees  by  averaging  nr  or  a  2-ka  path  and  a  1-h  tlae  duration.  Since 
auch  of  the  speccrua  is  ut..>ececced  at  any  given  Instant,  a  scanning  aethod  is 
tlae  consualng  and  therefore  not  suitable  for  Ildar  applications.  A  desirable 
high- spectral -resolution  Ildar  (HSRL)  technique  should  be  one  that  uses  a 
single -frequency  laser  as  the  light  source  and  an  adequate  narrow-band 
blocking  filter  that  pemlts  separation  of  aolecular  scattering  froa  aerosol 
scattering  and  analysis  of  the  scattering  speccrua  without  scanning.  Such 
aethods  have  been  conceived.  Using  a  Fabry-Perot  Interferoaeter  at  a  fixed 
setting  as  the  blocking  filter.  In  1983  Sroga  et  al.’  aade  successful 
ataospherlc  backscatter  ratio  aeasureaents  despite  allgnaent  difficulties.  In 
1981  Schwlesow  and  Lading*  proposed  teaperature  profiling  with  a  HSRL  using  an 
Interferoaeter,  although  no  experlaental  result  has  yet  appeared  in  the 
literature.  Realizing  the  probleas  In  allgnaent  difficulty  and  saall  dynaaic 
range  In  aerosol  rejection  associated  with  Interferoaeters,  Shlaizu  et  al.  at 
Colorado  State  University  proposed  in  1983  the  use  of  narrow-band  atoaic 
blocking  (bandstop)  filters  In  a  HSRL  for  ataospherlc  paraiseter  aeasureaents.* 
These  filters  reject  Hie  scattering  and  transalt  different  portions  of  the 
spectrua  of  Rayleigh  scattering  as  shown  In  Fig.  1.  Theoretical 
calculations* ’ *  Indicate  that  when  this  HSRL  technique  Is  successfully 
lapleaented,  aany  basic  Ildar  systeas  can  be  aodlfled  to  perfom  routine 
ataospherlc  teaperature  profiling  with  1-K  accuracy,  30-a  depth  resolution, 
and  a  10-sec  aeasureaenC  tlae  at  a  range  of  5  ka. 

At  Colorado  State  University,  experlaental  efforts  for  iapleaentlng  a 
prototype  Ildar  systea  based  on  our  1983  proposal  have  begun.  In  this  paper, 
we  report  Che  progress  of  this  undertaking.  Our  experlaental  prograa  has  been 
divided  Into  three  stages  of  developaent.  First,  we  develop  a  suitable  atomic 
vapor  filter  (AVF)  and  test  Che  proposed  concept  with  a  tunable  cw  dye  laser 
systea.  Second,  we  setup  a  pulsed  dye  laser  amplifier  and  repeat  Che 
laboratory  experiment  with  a  pulsed  laser  systea.  Third,  upon  the  successful 
developaent  of  Che  first  two  stages  of  the  prograa,  we  setup  a  prototype  HSRL 
system  for  field  aeasureaenC  of  tropospheric  backscatter  ratio  and  temperature 
profiling. 
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Th«  laboratory  measureiients  of  atmospharlc  Cenperatura  and  backscatter 
ratio  using  a  cw  laser  systea  have  been  coapleted.  For  this  experiment,  a 
barlua  heat-pipe  oven  has  been  constructed  and  Is  used  as  the  AVF.  By  varying 
the  oven  temperature,  the  band  width  of  this  AVF  may  be  varied  from  1.4  GHz  to 
1.8  GHz  with  ease.  The  transmission  profiles  of  the  AVF  at  various  settings, 
which  are  needed  for  the  experimental  determination  of  backscatter  ratio  and 
atmospheric  temperature,  are  traced  out  with  a  single  frequency  tunable  dye 
laser.  Setting  the  frequency  of  a  narrow-band  dye  laser  (band  width  of  1  MHz) 
at  the  center  of  the  barium  absorption  (5537  A),  the  light  scattered  from  a 
small  volume  In  room  air  passes  through  the  AVF  and  Is  monitored  on  and  off 
the  barium  resonance  at  different  oven  temperature  settings.  Using  the 
formulae  In  Ref.  4,  the  backscatter  ratio  and  atmospheric  temperature  can  be 
measured.  In  this  manner,  laboratory  measurements  of  atmospheric  temperature 
and  backscatter  ratio  have  been  made,  yielding  an  accuracy  of  1  K  and  3%, 
respectively.  This  result  has  been  published  recently.*  Ue  have  achieved  the 
same  measurement  accuracy  under  dltt  -rent  atmospheric  (temperature  and 
pressure)  conditions. 


At  present,  we  are  In  the  process  of  conducting  laboratory  measurements 
with  a  pulsed  tunable  laser  system.  A  pulsed  dye  laser  amplifier  has  been 
constructed.  When  the  cw  dye  laser  Is  sent  through  the  pulsed  dye  amplifier, 
a  single  frequency  tunable  pulsed  output  of  1  MU  per  pulse  Is  obtained.  The 
measured  band  width  of  this  output  Is  about  160  MHz,  quite  adequate  for  the 
proposed  experiment.  Unfortunately,  In  addition  to  the  single  frequency 
output,  the  beam  contains  a  weak  broad  band  flourescence  whose  spectral 
distribution  has  not  been  measured.  Using  this  tunable  source,  the 
transmission  profiles  of  the  barium  AVF  at  different  settings  have  been  taken. 
The  functional  shapes  of  these' transmission  profiles  are,  within  experimental 
accuracy.  Identical  to  those  taken  with  a  cw  tunable  laser.  Indicating  that 
the  broader  bandwidth  (160  MHz)  of  the  pulsed  system  causes  no  problem. 
However,  unlike  the  transmission  profiles  obtained  with  the  cw  dye  laser,  the 
flat  bottomed  peak  attenuation  does  not  correspond  to  zero  transmission.  This 
residual  transmission  resulting  from  the  weak  broad  band  flourescence  In  the 
beam  output  ranges  from  1.5%  to  12%  depending  on  the  output  power,  and  the 
condition  of  the  dye  as  well  as  other  parameters  yet  to  be  determined.  Ue  are 
Investigating  the  factors  affecting  the  amount  of  this  residual  transmission 
and  are  trying  to  minimize  It.  Uith  the  presence  of  the  residual 
transmission,  which  Is,  of  course  measureable,  the  formulae  for  determining 
backscatter  ratio,  r,  and  the  ratio  of  molecular  factors,  f  /f  ,  can  be  given 

D  B 

as : 


r 


1  -  Nif  /N,(l  +  O 


1  -  eN^/Njd  +  €) 


(1) 


f  /f'  - 

m  B 


1  -  *'N,/(1  +  *')N- 


1  -  try  (I  +  €)n^ 


where  Is  the  total  (or  off -resonance)  scattered  photon  counts.  N^,  f^j^,  and 
t  are  respectively  the  on- resonance  counts,  molecular  factor,  and  residual 
transmission  of  the  AVF  at  one  oven  setting;  the  corresponding  primed 


parameters,  N', 
previously, * ’ • 


f ' ,  and  c'  are  those  at  a  second  oven  setting.  As  discussed 
atmospheric  temperature  may  be  determined  by  comparing  the 


measured  and  calculated  values  of  anticipate  that  the  results  of 
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laboratory  MaauraaonCs  vich  Cho  pulsad  laaar  aystea  along  with  tha  affects  of 
residual  transalsslon  and  signal  strength  on  slgnal-to>nolae  of  the 
aeasureaent  will  be  presented  In  the  aeetlng. 

We  haws  ordered  equlpaent  and  setup  a  reaote  sensing  laboratory  at  the 
CSU  Chrlstun  Field,  an  old  University  airport  sits.  Aaong  other  Iteas,  a 
coasMrlcal  pulsed  dye  laser  aapllfler  has  been  ordered;  Its  perforaance  In 
broad  band  flourescence  ealsslon  and  residual  transalsslon  will  be 
eiiperlaentally  assessed.  In  addition,  a  transient  digitizer  has  been  acquired 
for  range  resolved  aeasureaents ,  and  It  Is  being  Interfaced  with  a  coaputer. 
A  scheaatlc  of  our  proto* type  HSRL  systea  Is  shown  In  Fig.  2. 


PULSED 

LASER 

1 

AVF 

(LOW  TEMPI 

w 

aCATT  LIGNT 


IEIIh 


i 

Ll/ 

DET  1 

r'  - -  /  \  DET  t 

M.r  •Momie  AV.f  /  V 

Vgoer  (LOW  TEia»  - 

FiM«f  *•' ' ■  "nr —  y  ® 


FSC>FM4taeli  |0CT  >| 

CoWro)  '  ' 


A _ MICT  2 


Fig,  2.  Scheaatlc  of  a  HSRL  systea.  The 
laser  Is  tuned  and  locked  to  the  absorption 
peak  of  an  atoalc  barlua  filter.  The  Ildar 
return  Is  divided  Into  three  channels  and 
detected  after  different  flltratlons. 
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IdTRODOCTIOW 

Measurements  of  the  atmospheric  wind  field  have  been  shown  by  simulations  to 
improve  global  numerical  weather  prediction  (Atlas,  at  al.,  1905)  and  several 
spacebome  lidar  systems  have  been  proposed  to  meet  the  global  wind 
measurement  requirements.  Henzies  (1986)  has  given  a  comparison  of  the 
relative  performance  of  four  potential  spacebome  Doppler  lidar  systems 
utilizing  either  coherent  (heterodyne)  detection  at  1.06  urn  and  9-11  pm 
wavelengths  or  Incoherent  (direct)  detection  at  0.35  |im  and  0.53  iim 
wavelengths.  This  paper  describes  a  ground  based,  0.53  |im  incoherent 
Doppler  lidar  and  presents  preliminary  results  of  atmospheric  testing  to 
demonstrate  this  incoherent  Doppler  lidar  technique. 

System  Descriotion 

Figure  1  shows  a  block  diagram  of  the  0.53  pm  Doppler  lidar  prototype.  The 
transmitter  consists  of  an  oscillator  amplifier  lldrYAC  laser  constrained  to 
yield  transform  limited,  single  frequency  pulse  with  a  KDF  crystal  converting 
the  1.06^  pm  radiation  to  the  0.53  pm  Doppler  lidar  operating 
wavelength.  The  transmitted  beam  is  expanded  by  a  5Z  telescope  and  directed 
into  the  atamsphere  via  steering  optics.  The  operating  characteristics  of 
the  transmitter  are  given  in  Table  1.  The  backscattered  signal  is  collected 
by  a  31.75  cm  diameter  Cassegrain  telescope  and  coupled  into  a  high 
resolution  Fabry-Perot  Interferometer  for  analysis  of  the  Doppler  shift.  The 
FPZ  design  utilizes  a  multichannel  Image  Plane  Detector  (IPO)  and  is  similar 
to  the  one  flown  on  the  Dynamics  Explorer  Satellite  (Hays  et  al.,  1981). 
Table  2  lists  the  characteristics  of  the  receiver  system.  The  photoelectrons 
detected  by  the  FPI-IPO  system  are  converted  in  digital  signals  for  storage 
and  processing  by  a  multichannel  Data  Acquisition  System  (DAS)  consisting  of 
several  TRAQl  multichannel  ADC  csmac  modules  (12  bit,  500  kllz)  interfaced  to 
a  Stride  460  microcomputer  via  a  camac  to  ISBB  488  controller.  The  Stride 
operates  under  a  multiuser  system  with  one  megabyte  of  ram,  33  megabyte  hard 
disk,  one  floppy  disk  drive,  a  quarter  inch  tapa  system  and  graphics 
capabilities,  ^e  DAS  sampling  period  is  synchronized  to  within  <50  ns  of 
the  laser  trar emitter  pulse. 
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Tb*  0.53  )«  Oopplcr  Ildar  la  eurrantly  undarsoins  atooapharic  tasting  to 
daannstrata  tha  Ineoharant  Oopplar  lidar  tachnlqua.  Pigura  2a  shows  an 
axanpla  of  tha  FPX-lPO  spactra  obtainad  with  tha  systesi  pointed  vertically. 
Tha  data  are  plotted  as  a  hlstogrsw  of  tha  IPO  signal  intensity  at  various 
range  gate  saavlas  with  tha  sample  label  1  being  tha  transmitted  laser 
spectrum  which  yialds  tha  system  rafaranca  wavelength.  Tha  remaining  samples 
are  naasurasMmts  of  tha  atmospheric  backscattar  spactra  saa^lad  at  tha 
altitudes  indicated.  Tha  IPO  t«as  operated  at  low  gain  to  prevent  tha  near 
field  signal  from  saturating  tha  IPO  causing  a  nonlinear  response.  The  data 
have  not  been  corrected  for  the  inverse  range  square  attenuation  but  a  scale 
change  at  x-qoom  accentuates  the  spectral  measurements  at  higher  altitudes. 
The  backscattar  signal  from  the  clear  atmosphere  (s-300-  iSOOm)  show  the 
narrow  band  aerosol  backscattar  spectrum  superimposed  over  the  broader, 
omlecular  backscattar  spectcum.  A  photomultiplier  used  to  monitor  the  total 
backscattar  signal  showed  multiple  thin  cloud  layers  between  5  and  6  km.  The 
sasvles  labeled  17-21  are  tha  backscattar  spectra  from  these  clouds  and  show 
the  same  narrow  spectral  distribution  as  the  transmitted  laser. 

This  data  has  been  analyzed  according  to  the  procedures  described  in  Sroga 
and  Posenberg  (1986)  to  estimate  the  total  aerosol  and  molecular 
backscattered  signals,  relative  Doppler  shift  and  regression  errors.  Figure 
3  shows  the  ratio  of  the  total  aerosol  to  total  molecular  backscattar  deirved 
from  the  regression  analysis  of  this  data  and  shows  the  capability  of  this 
system  to  spectrally  differentiate  between  aerosol,  molecular  and  cloud 
backscattar.  A  coeleostat  is  currently  being  in^lamentad  in  the  system  to 
allow  slant  path  Doppler  lidar  measurements  and  improvements  in  the  laser 
performance  and  detector  dynamic  range  are  planned.  Results  of  these  slant 
path  measurements  will  be  presented. 
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TADLB  1.  0.53  urn  Doppler  Lidar  Transmitter 


Energy 
Pulse  Width 

Dar.dwidth  (transform  limit) 
Beam  Divergence 
Repetition  rate 


50  mj /pulse  (SLM  ) 
40  ns  (FWI«) 

25  MHz  (FWIM) 

0.5  milliradians 
1  )(z 


TADLB  2.  0.532  pm  Doppler  Lidar  Receiver 


Telescope 

Piber  Optic  Coupling 
Pabry-Perot  Interferometer 
Btalon  Spacing 
Btalon  Reflectivity 
Interference  Pilter 

Image  Plane  Detector 


Quantum  Efficiency 
Anode 


31.75  cm  f/16  Cassegrain 
f/6  final  system 

30.48  cm  (Zerodur) 

73X  90.532  |im 
1.2  nm  (fwhm) 

nr  model  P4151 
Z-MCP 

S20  photocathode 
5-l(7&  9  0.532  urn 
12  Concentric,  equal  area  rings 
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A  Portabl*  UVH)IAL  System  for  Ground-Based  Measurements 
of  Lower-Stratospherlo  Ozone  Profiles: 

Design  and  Performance  Simulation 

M.O.  Rodgers^,  R.E.  Stlckel^,  K.  Asai3,  J.D.  Bradshaw^,  and  D.D.  Oavls^. 

Recent  developments  in  stratospheric  chemistry  such  as  the  observation  of  a 
springtime  "ozone  hole"  over  the  Antarctic^  have  illustrated  the  need  for  a 
rugged,  lightweight  Instrument  for  the  determination  of  lower  stratospheric 
ozone  profiles  over  remote  areas.  Variations  of  the  wldely-used  UV-DIAL 
methodology^  appear  to  provide  the  most  promising  approach  to  the  development  of 
such  and  Instrument. 

To  date,  the  majority  of  ground-based  UV  DIAL  ozone  measurement  systems3 
have  been  designed  to  produce  ozone  profiles  over  the  entire  stratospheric 
altitude  range.  In  order  to  achieve  usable  signal  returns  from  the  middle  and 
upper  stratosphere,  UV  DIAL  systems  must  typically  employ  very  high  energy  laser 
transmitters  and  large  receiving  telescopes.  In  addition,  they  must  operate  at 
wavelengths  of  i  305  nm  to  maintain  atmospheric  extinction  within  acceptable 
limits. 

While  these  design  features  are  essential  to  making  high  altitude 
stratospheric  ozone  measurements,  they  nevertheless  present  some  difficulties  If 
one  Is  Interested  In  lower  stratospheric  O3  measurements  especially  when  these 
measurements  must  be  made  at  remote  sites.  As  alluded  to  in  the  abo'*e  text,  the 
first,  and  perhaps  most  obvious  of  these  difficulties.  Is  that  large  telescopes 
(having  apertures  of  up  to  about  one-meter)  and  high  energy  lasers  (often 
emitting  A  IJ/pulse  of  mergy)  result  In  a  system  that  Is  both  large  and  heavy 

*  School  of  Ceochyslcal  Sciences,  Georgia  Institute  of  Technology,  Atlanta, 
Georgia,  USA;  ^D.E.  Milligan  Science  Research  Institute,  Atlanta  University, 
Atlanta,  Georgia,  USA;  3school  of  Telecommunications  Engineering,  Tohoku 
Institute  of  Technology,  Sendai,  JAPAN. 
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and  one  *'.hat  consumoa  aubutantlal  amounts  of  slectrical  power.  These  systems 
therefore  tend  to  be  limited  in  their  mobility,  and  thus,  suitability  for 
deployment  at  remotely  located  sampling  sites.  A  second  difficulty  involves  the 
large  and  sometimes  variable  background  scattered  UV  solar  flux  collected  by 
these  systems.  This  scatter  frequently  overlaps  the  detection  wavelengths  of 
these  systems.  In  many  cases,  this  background  can  be  sufficiently  large  as  to 
restrict  observations  to  nighttime  conditions.  However,  if  one  is  willing  to 
sacrifice  upper  stratospheric  O3  measurements,  both  of  the  above  problems  can  be 
significantly  reduced  in  scope  through  the  use  of  shorter  ozone  detection 
wavelengths.  With  the  greater  ozone  absorption  at  these  shorter  wavelengths, 
smaller  laser  systems  and  receivers  can  be  used  while  maintaining  good  system 
performance.  Likewise,  the  solar  backgound  detected  at  ground  level  drops 
rapidly  with  detection  wavelengths  below  about  305  nm  and  becomes  undetectable 
at  leas  than  about  285  nm. 

In  this  paper  we  present  a  comparative  performance  analysis  of  several 
alternative  ozone  detection  schemes  based  on  measurements  in  the  285-305  nm 
wavelength  range.  Each  of  these  alternatives  are  critically  compared  in  terms 
of  size,  weight  and  power  consumption  as  well  as  projected  system  performance. 
Among  the  alternatives  considered,  perhaps  the  best  compromise  in  terms  of 
size/weight/power  vs.  performance  is  provided  by  the  system  illustrated  in 
figure  1.  In  this  system  a  fixed  299.5  nm  generated  by  the  first  Stokes 
Hydrogen  Raman  Shift  of  a  quadrupled  Nd:YAG  laser.  This  fixed  frequency  would 
be  transmitted  along  with  a  second  tunable  wavelength  (A  =  305  nm)  generated  by 
a  frequency-doubled  Nd:YAG  driven  dye  laser  to  provide  differential  absorption 
measurements  of  the  lower  stratospheric  ozone  profiles.  The  estimated 
signal-to~nolse  ratio  for  this  system  for  the  determination  both  undepleted  and 
depleted  antarctic  ozone  profiles  is  given  as  table  I. 
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Table  It  Batlaatad  Slfnal-to-Noisa  Ratloa  for  Ozona  Dataotlon 
Under  Antaretlo  Conditions 


Altitude  Standard  Ozone  Hodel  Reduced  Ozone  Hodel 


(ka) 

•  6  aln 

**  30  aln 

•  6  aln 

•  30  aln 

IntesrAtlon 

Intearatton 

Integration 

Integration 

10 

20 

t5 

18 

t1 

11 

22 

50 

21 

t7 

12 

22 

t9 

21 

t6 

13 

21 

t7 

21 

46 

It 

17 

38 

17 

37 

15 

13 

29 

13 

29 

16 

11 

2il 

11 

24 

17 

8.5 

19 

8.5 

19 

18 

5.8 

13 

6.3 

14 

19 

t.t 

9.8 

t.9 

11 

20 

3.1 

7.0 

3.5 

7.8 

21 

2.2 

t.9 

2.5 

5.6 

22 

3.t 

— 

4.0 

23 

— 

2.t 

~ 

2.9 

2ll 

— 

— 

2.1 
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^See  for  exaaplet  Heaps,  H.S. ;  T.J.  McGee,  R.D.  Hudson  and  L.O.  Candlll.  Appl. 
Opt..  21.,  2265,  (1982),  and  Brouell,  E.V.;  A.P.  Carter,  s.T.  Shipley,  R.J. 
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Introduction:  The  colossal  100*  collimator  facility  is 
being  developed  into  a  lidar  system.  The  collimator  is  a  12 
story  high  chamber  with  a  100*  diameter  f/6  mirror  at  the 
bottom  of  the  chamber.  By  opening  the  top  of  the  facility,  the 
collimator  is  converted  into  a  vertically  pointed  telescope. 

By  installing  a  suitable  detector  at  the  focal  point  of  the 
telescope,  the  chamber  becomes  the  receiver  of  a  extraordinary 
lidar  system.  The  purpose  of  this  paper  is  to  introduce  the 
facility  at  Wright-Patterson  and  the  efforts,  both  present  and 
planned,  being  undertaken  to  make  this  one-of-a-kind  LIDAR 
facility  a  reality. 

Obieetive/Pavoff i  The  objective  of  this  effort  is  to 
develop  the  means  to  probe  the  middle  and  upper  atmosphere 
(15-250  km)  with  a  100-inch  aperture  lidar  which  will  provide 
the  information  necessary  for  investment,  deployment  and  oper¬ 
ational  decisions  concerning  National  systems  which  operate  in 
or  through  the  atmosphere.  Current  information  has  been 
obtained  by  expensive  sounding  rockets  and  satellites.  Sound¬ 
ing  rockets  give  only  a  single  profile  for  a  particular  loca¬ 
tion  and  time.  Satellites  provide  atmospheric  density  inte¬ 
grated  along  the  orbit  and  over  time.  Such  spotty  data  cor¬ 
rupts  calculations  about  operation  of  systems  such  as  Infrared 
Search  and  Track  System  (IRSTS),  Strategic  Defense  Initiative 
(SDI) ,  Trans-Atmospheric  Vehicle  (TAV)  or  Boost  Glide  Vehicle 
(BGV)  or  National  Aerospace  Plane  (NASP) ,  re-entry  vehicle 
countermeasures,  and  low-altitude  orbiting  satellites. 

Optical  System;  The  100  inch  mirror  is  mounted  at  the 
bottom  of  the  collimator  and  is  six  stories  below  ground 
level.  A  turning  mirror  is  used  to  direct  the  focused  return 
signal  a^  the  detector  one  story  below  ground.  The  entire 
interior  of  the  tower  is  painted  matte  black,  and  the  system 
is,  in  effect,  a  vertical  fixed  telescope.  At  grotind  level, 
there  is  a  large  cylindrical  chamber  connected  to  the  colli¬ 
mator  tower.  This  chamber  was  designed  to  house  devices  under¬ 
going  tests  in  the  collimator.  For  LIDAR  experiments,  this 
area  is  large  er:ough  to  easily  hold  laser  sources  and  beeun 
steering  optics  of  the  transmitter.  This  would  allow  the  laser 
beam  to  be  transmitted  coaxially  with  the  receiver.  A  diagram 
of  the  facility  is  shown  in  figure  1. 
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B«caus«  th«  return  signal  strength  (or  useful  range)  in  a 
LIDAR  systes  is  directly  proportional  to  the  area  of  the 
receiver,  the  55  ft^  (5  a^)  area  of  the  100  inch  colli- 
aator  would  make  this  system  the  aost  sensitive  one  in  oper¬ 
ation  in  the  world  at  present.  What  this  large  aperture  would 
mean  in  terms  of  extending  the  range  of  LIDM  aeasureaents 
should  be  obvious. 

Laser  Source;  During  initial  tests  to  study  the  feasi¬ 
bility  of  using  the  collimator  as  a  Lidar  system,  a  Q-switched 
Ruby  laser  was  the  source.  The  laser  is  capable  of  producing 
approximately  1  Joule  with  a  pulse  width  of  from  10  to  30 
nanoseconds.  Mechanical  difficulties  have  prevented  using  the 
Q-switch  during  these  initial  tests.  Without  the  switch,  the 
pulse  length  is  approximately  600  microseconds  long,  as  seen 
in  the  top  graph  of  Figure  2.  This  signal  is  the  return 
obtained  when  the  top  of  the  collimator  is  opened  and  the 
laser  is  bounced  off  the  roof  of  the  building. 

Data  Acquisition  System;  The  backscatter  radiation  col¬ 
lect  by  the  telescope  will  be  monitored  by  a  photo¬ 
multiplier  tube  that  was  mounted  at  the  focal  point  of  the 
telescope  and  connected  to  a  transient  digitizer  for  record¬ 
ing.  A  variable  delay  trigger  will  be  used  to  trigger  the 
recorder  so  that  returns  from  a  specific  range  or  distance 
could  be  recorded. 

First  Results;  Shown  in  the  lower  graph  in  Figure  2  is  one 
of  the  first  si.y  returns  obtained  with  this  system.  This  was 
using  the  laser  without  the  Q-switch.  Sky  conditions  were 
overcast  with  the  base  of  the  cloud  less  than  1000  ft  above 
the  ground.  Because  of  the  long  length  of  the  laser  pulse,  no 
attempt  has  yet  been  made  to  analyze  this  return.  Useful  data 
acquisition  and  analysis  will  be  undertaken  when  a  suitably 
short  laser  pulse  is  available. 

Future  Plans;  The  collimator  facility  can  be  considered 
as  a  wavelength  non-specific  lidar  receiver.  It  is  the  size  of 
the  system  that  makes  this  device  so  attractive.  Different 
wavelengths  and  detection  schemes  can  easily  be  accommodated 
within  the  chamber.  The  quality  of  the  mirror  is  such  that  it 
is  usable  from  the  visible  through  the  infrared.  It  is  pos¬ 
sible  that  the  mirror  can  also  be  used  into  the  ultraviolet, 
but  the  mirror  would  have  to  be  evaluated  at  those  wavelengths 
before  much  work  was  done  in  the  UV. 

In  any  case,  for  each  type  of  test  to  be  conducted,  a 
suitable  detector  would  be  installed  at  the  focal  plane  of  the 
telescope.  The  source  would  be  a  separate  unit.  It  is  not 
anticipated  that  the  collimator  mirror  would  be  used  as  part 
of  the  transmitter  optical  path.  If  the  transmitter  is  small 
enough,  it  can  be  installed  within  the  collimator  chamber  and 
the  beam  steered  up  through  the  collimator  tube.  Larger 
sources  can  be  installed  immediately  next  to  the  chamber  tube, 
either  on  the  facility  roof  or  at  ground  level. 


329 


Roof  Return  (9  dune  1987) 


■  ■  i  .  ■  i 

I  an  4N  SM  8M  INI 

TDE  <iicwican^ 


Sky  Return  (9  dune  1987) 
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SUMMARY 


Frequency-stabilized  semiconductor  lasers  are  practical 
sources  for  a  wide  variety  of  potential  applications 
including  remote  sensing,  laser  spectroscopy,  optical 
frequency  standards,  coherent  optical  communication, 
coherent  optical  sensors,  laser  gyroscopes,  etc.  In 
particular  diode  lasers  are  convenient  sources  for  Injection 
locking  tunable  solid  state  lasers.  Solitary  semiconductor 
lasers  are  essentially  Impervious  to  acoustical  and 
mechanical  disturbances  since  they  have  no  external  optics. 
On  the  other  hand,  the  operating  frequency  of  a 
semiconductor  laser  Is  very  sensitive  to  temperature  and 
current  variations,  therefore  standard  diode  laser  systems 
have  very  poor  frequency  stability.  Thus  the  first  step  In 
frequency  stabilizing  a  diode  laser  consists  of  stabilizing 
the  temperature  and  Injection  current  of  the  laser. 

He  have  frequency-stabilized  the  line  center  of  a 
semiconductor  laser.  He  report  a  line  center  frequency- 
stability  of  4  kHz  open  loop  and  400  Hz  closed  loop  for  time 
periods  of  one  hour.  A  commercial  Injection  laser  Is 
stabilized  to  the  Rb  (D2)  transition.  The  stabilization 
electronics  consist  of  two  active  control  loops.  First,  a 
temperature  control  loop  is  utilized  to  maintain  the  diode 
laser  heat  sink  temperature  stable  to  within  ±3  x  10~°  °c 
and  thus  compensate  for  environmental  temperature  changes. 
Second,  a  first-derivative  frequency  locking  loop 
compensates  for  drift  In  the  laser  current  source,  short¬ 
term  temperature  changes,  and  maintains  the  laser  frequency 
locked  to  the  Rb  transition. 

Temperature  stabilization  Is  achieved  by  active 
stabilization  of  the  diode-laser  heat  sink.  A  thermistor 
senses  the  laser  heat  sink  temperature.  Hhen  a  temperature 
increase  Is  sensed  by  the  thermistor,  the  temperature- 
control  circuit  turns  on  the  peltier  cooler  attached  to  the 
laser  heat  sink.  Using  only  this  heat  sink  stabilization  we 
have  been  able  to  maintain  our  laser  center  frequency  stable 
to  within  ±44  kHz  for  over  one  hour. 

The  laser  center  frequency  fluctuations  were  reduced  to 
±  1.5  kHz  by  adding  the  first  derivative  frequency-locking 
loop.  The  results  of  these  frequency-stabilization 
experiments  will  be  presented. 
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Nonlinear  Optical  Interaction  of  Laser  Radlrtl.n  with  Water  Droplets 

Richard  K.  Chang 
Vale  University 

Section  of  Applied  Physics  and  Center  for  Laser  Diagnostics 
New  Haven.  Connecticut  06520.  USA 

In  considering  hIgh-IntensIty  laser  propagation  through  the  atmosphere, 
nonlinear  optical  effects  such  as  stimulated  Raman  scattering  (SRS).  stimu¬ 
lated  Brillouin  scattering  (SBS).  superb''08den1ng.  self-focusing,  and  dielectric 
breakdown  of  the  optically  transparent  air  become  even  more  Important  when 
the  air  contains  water  droplets.  For  transparent  water  droplets  with  large  size 
parameter  (defined  as  droolet  circumference  2Tra  divided  by  wavelength  of 
Interest  x).  the  droplet  can  be  envisioned  as  a  lens  to  concentrate  the  Incident 
Intensity  (Iq)  at  three  main  locations:’  (1)  outside  the  shadow  face  with  slO^  x 
Iq.  (2)  Inside  the  shadow  face  with  s  10^  x  Iq.  and  (3)  Inside  the  Illuminated 
face  with  less  than  10^  x  Iq.  The  nonuniform  internal-field  distribution  and 
internal  intensity  enhancement  significantly  affect  the  nonlinear  optical 
effects.  Furthermore,  a  large  transparent  droplet  can  be  envisioned  as  an 
optical  cavity  for  specific  Internal  wavelengths  which  satisfy  the  droplet 
cavity  resonance  condition  [commonly  referred  to  as  morphology-depondent 
resonances  (MDR's)]  associated  with  a  sphere  or  spherold.^'^  An  analogy  to  a 
Fabry-Perot  interferometer  can  be  made  by  associating  the  liquid-air  Interface 
with  the  reflector  (via  total  Internal  reflection)  and  the  droplet  circumference 
with  the  round-trip  distance.  For  spheres®'*  and  spheroids.^  the  Q-factor  of  the 
droplet  and  the  precise  wavelengths  which  satisfy  the  MDR's  can  be  predicted 
by  Lorenz-MIe  and  T-ma*rix  formalism. 

The  combination  of  enhanced  Internal  Intensity  at  the  Input  wavelength 
and  high  feedback  for  the  internally  generated  Raman  radiation  (associated 
with  the  0-H  stretching  mode  of  water)  greatly  reduces  the  threshold  for  SRS 
in  single  micrometer-size  water  droplets.®  A  1  GW/cm*  pulse  from  the 
second-harmonic  output  of  a  Nd:YAG  laser  (x  =  0.532  pm)  Is  below  the  SRS 
threshold  of  water  in  a  1-cm  optical  cell  but  exceeds  the  SRS  threshold  of  o 
30-pm  radius  water  droplet.’  ilultlorder  Stokes  emission  has  been  observed  in 
the  SRS  spectra  from  water  droplets. 

The  ‘.hreshold  for  SBS  of  water  in  a  cell  is  known  to  be  lower  then  that 
for  SRS.  Although  SRS  from  water  droplets  has  been  observed.’-”  SBS  from 
water  droplets  has  to  dote  not  been  reported.  Coherent  anti-Stokes  Raman 
scattering  (CARS)  from  water  droplets  has  been  detected,  and  the  effects  of 
the  phase-matching  angles  resulting  from  the  localized  Internal-field  distribu¬ 
tion  and  the  spread  of  the  propagation  vector  within  the  droplet  have  been 
studied.’*-’®  Time-dependent  phase-modulation  broadening  (commonly  referred 
to  as  superbroadening)  of  the  elastically  scattered  llnewldth  as  well  as  the 
SRS  llnewldth  from  a  single  CSj  droplet  has  been  reported.’*  CSj  was  chosen 
because  of  its  large  intensity-dependent  index  of  refraction  coefficient  (I.e.. 
n  =  no  ♦  n2lo(t).  where  nj  Is  large  for  CSjJ.  Although  similar  experiments  were 
conducted  for  water  droplets  irradiated  with  a  15-nsec.  x  =  0.  532  pm  laser 
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beam,  phase-modulatton  broadening  was  not  observed  for  Input  Intensities 
beyond  the  dielectric  breakdown  threshold.  However,  with  subnanosecond  and 
subpicosecond  laser  pulses.  It  may  be  possible  to  detect  phase-modulation 
broadening  In  the  elastic  scattering  and  SRS  spectra  of  water  droplets  before 
the  onset  of  dielectric  breakdown. 

The  presence  of  water  droplets  In  the  air  greatly  lowers  the  laser- 
induced  breakdown  (LIB)  threshold  and  thus  sets  an  upper  limit  on  the  laser 
Intensity  that  can  propagate  through  the  atmosphere.  Although  the  Intensity 
distribution  Is  largest  In  the  region  outside  the  droplet,  the  multiphoton 
Ionization  end  avalanche  multiplication  processes  favor  the  liquid.  Whether  LIB 
Is  Initiated  in  air  (just  outside  the  shadow  face)  or  In  water  (just  Inside  the 
shadow  face)  Is  dependent  on  the  droplet  size  end  on  the  purity  of  the  water. 

The  temporal  sequence  of  LIB  with  droplets  is  summarized  In  Fig.  I  for  a 
case  In  which  LIB  Is  first  Initiated  In  air  during  the  rising  portion  of  the  input 
pulse  (as  the  intensity  reaches  Intensity  level  A),  and  the  remaining  portion  of 
the  laser  pulse  sustains  the  external  plasma  and  the  shock  wave  outside  the 
droplet  shadow  face.  When  the  rising  portion  of  the  Input  pulse  reaches 
Intensity  level  B.  LIB  of  water  occurs,  and  the  remaining  portion  of  the  input 
pulse  Is  then  optically  blocked  from  reaching  the  region  outside  the  droplet. 
Furthermore,  the  remaining  portion  of  the  Input  pulse  sustains  the  Internal 
plasma  and  the  shock  or  detonation  wave  (depending  on  Ig).  For  water  droplets 
with  a  a  30  pm.  LIB  of  water  Is  Initiated  Inside  the  droplet.  For  larger 
droplets  (e.g.,  a  >  60  pm).  LIB  of  air  Is  initiated  outside  the  droplet. 

Experimental  determination  of  the  location  of  LIB.  I.e.,  within  or  outside 
the  droplet  shadow  face,  relies  on  spatially  resolving  the  plasma  emission 
spectra  (both  the  continuum  and  discrete  atomic  lines)  associated  with  LIB 
within  the  liquid  droplet  and/or  in  the  surrounding  air.  The  presence  of 
discrete  atomic  hydrogen  emission  end  the  absence  of  discrete  ionized  nitrogen 
emission  outside  the  droplet  imply  that  LIB  has  occurred  only  inside  the 
droplet.  The  atomic  hydrogen  results  from  the  plasma-induced  decomposition 
of  water  within  the  droplet  end  is  expelled  from  the  droplet  during  the 
explosive  vaporization  stage.  The  lack  of  Ionized  nitrogen  implies  that  neither 
LIB  of  air  nor  shock  wave  Induced  Ionization  of  air  has  occurred. The  time- 
averaged,  spatially  resolved  plasma  density  and  atomic  temperature  have  been 
deduced  from  the  Stark  broadened  llnewldth  end  the  Intensity  ratio  of  atomic 
emission  lines.'* 

The  temporal  evolution  of  the  plasma  front  associated  with  LIB  has  been 
Investigated  using  a  streak  camera.  When  LIB  is  Initiated  within  the  water 
droplet,  the  plasma  fronts  propagate  In  the  following  directions:  (I)  in  air, 
away  from  the  droplet  shadow  face;  (2)  In  liquid,  toward  the  illuminated  face; 
and  (3)  in  air.  away  from  the  the  illuminated  face  and  toward  the  laser. 

The  creation  of  plasma  within  the  water  droplet  transforms  a  normally 
transparent  droplet  Into  a  highly  absorbing  droplet.  During  the  laser  pulse 
duration  In  the  10-nsec  range,  the  droplet  volume  and  shape  remain  nearly 
unchanged.  However,  during  and  after  the  laser  pulse,  the  internal  temperature 
is  greatly  increased  (superheated)  and  the  temperature  distribution  is  highly 
nonuniform.'  As  the  Internal  temperature  and  therefore  the  internal  pressure 
rise,  convection  becomes  the  dominant  mechanism  causing  mass  transport 
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away  from  the  droplet.  Because  the  Internal  heating  is  greatest  Just  within  the 
shadow  face,  it  is  expected  that  the  explosive  vaporization  will  be  osymmetr1> 
col  relative  to  the  droplet  interface  and  mass  transport  will  occur  mainly  away 
from  the  shadow  face. 

Using  a  time-resolved  shadowgraph  technique,  we  recorded  the  temporal 
evolution  of  the  hot  vapor  transport  and  the  remaining  superheated  droplet, 
after  a  high  intensity  laser  pulse  (x  =  0.532  pm)  Irradiated  a  large  transparent 
water  droplet  (a  a  35  pm).  From  these  shadowgraphs,  the  propagation  velo¬ 
cities  of  the  following  were  deduced;  (1)  the  contact  surface  normal  to  and 
transverse  to  the  laser  direction;  (2)  the  deformation  rate  of  the  remaining 
superheated  droplet;  and  (3)  the  recoil  of  the  remaining  droplet  propelled  by  the 
hot  water  vapor  streaming  from  the  droplet  shadow  face.  When  the  hot  vapor 
front  Intercepts  the  neighboring  droplets,  vaporization  occurs  on  those 
Interfaces  which  face  the  laser-vaporized  droplet.'^ 

In  conclusion,  experiments  involving  high  Intensity  (x  =  0.532  pm, 

10-nsec  pulse  duration)  laser  beam  interaction  with  single  water  droplets 
(with  a  s  30  pm)  have  demonstrated  that  nonlinear  optical  effects  are 
Important.  The  thresholds  for  coherent  scattering  processes,  such  as  SRS,  and 
for  LIB  are  greatly  lowered  because  of  the  droplet  morphology.  Experimental 
studies  on  the  location  of  LIB,  propagation  velocity  of  the  plasma  front,  plasma 
density  and  atomic  temperature,'^''*  and  evolution  of  the  contact  surfaces 
after  explosive  vaporization  have  provided  the  data  needed  for  theoretical 
calculations  associated  with  laser-induced  heating  of  droplets. 

This  work  was  done  in  collaboration  with  B.  T.  Chu,  J.  H.  Eickmans,  W.-F. 
Hsieh,  D.  L.  Leach,  C.  F.  Wood,  J.-Z.  Zhang,  and  J.-B.  Zheng.  We  gratefully 
acknowledge  the  partial  support  of  this  research  by  the  U.  S.  Air  Force  Office  of 
Scientific  Research  (Contract  No.  F49620-85-K-0002),  the  U.  S.  Army  Research 
Office  (Contract  No.  0AAG29-85-K-0063).  and  the  U.  S.  Army  Research  Office 
DoD-University  Research  Instrumentation  Program  (Grant  No.  DAAG03-86-G- 
0104). 
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RBNOTB  SBMSIOQ  OP  RBPRACTIVB  TURBULSMCS  NITC  OPTICAL  SPATIAL  PILTBRS 

J«M«  a.  CbnriMld* 

NOAA  Hava  ProoMatloa  Laboratory 
325  Broadway 
Bouldor.  Mlorado  80303 

It  a  poJot  aource  of  llcbt  la  allowed  to  propagate  aowe  dlataace  tbroocb 
ataoapheric  tarbolenee,  it  will  generate  a  randoo  pattern  of  Irradiance  con¬ 
taining  a  wide  range  of  apatlal  acalea.  Siwllarly,  if  an  extended  light  aource 
ia  viewed  througb  ataoapheric  turbulence  by  a  point  detector,  tbe  irradiance  at 
the  detector  will  vary  aa  if  tbe  extended  aource  waa  a  randoa  pattern  containing 
a  wide  range  of  apatlal  acalea.  Theae  pbenoaena  can  be  analyxed  by  aaauaing 
that  light  acattered  by  each  acale  alxe  of  refractive  fluctuatlona  in  tbe 
ataoaphere  at  each  poaltlon  along  the  propagation  path  reachea  the  obaervatlon 
plane  with  no  perturbatlona  fron  refractive  fluctuatlona  at  other  acale  alxea  or 
path  poaitiona.  Thia  analyala  will  be  valid  aa  long  aa  the  path-integrated  tur¬ 
bulence  la  low  and  aaturation  of  aclntillatlon  can  be  neglected. 

Proa  thia  type  of  analyala.  one  can  ahow*  that  the  atrength  of  refractive 
turbulence  in  the  ataoaphere  can  be  reaotely  aeaaured  uaing  incoherent  optical 
apatlal  filtering.  Ne  aaauae  a  aource  of  Incoherent  light  in  the  x-y  plane 
whoae  irradiance  la  proportional  to  coa(KijX),  where  ia  the  wavenuwber  of  the 
tranaaltter  and  x  ia  one  coaponent  of  poaltlon  in  the  tranaaitter.  Negative 
irradiancea  can  be  lapleaented  by  coding  the  poaltlve  and  negative  regiona  with 
different  polar Izatlona,  aa  an  exaaple,  and  adding  the  algn  at  the  receiver; 
they  ahould  not  be  a  cauae  for  concern.  Siallatly,  the  receiver,  located  aoae 
diatance  L  away  along  the  x  axle,  collecta  light  through  a  filter  whoae 
tranaaiaalon  ia  proportional  to  coa(KpX).  The  light  tranawitted  by  tbe 
receiver  filter  ia  collected  by  a  detector  and  the  variance  of  the  photocurrent 
la  aeaaured. 

The  variance  of  the  photocurrent  la  proportional  to  tbe  value  of  the  power 
apectral  denalty  of  the  refractive  index  fluctuatlona  at  a  aingle  wavenuwber  at 
a  aingle  path  poaliion.  The  wavenuwber  being  aawpled  la 

K  -  ♦  X,,  (1) 
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•ad  la  la  tha  aaaa  dlraetloa  aa  tlM  traaaaittar  aad  raeaivar  flltara.  TIm  tar- 
bulaaea  la  balac  aaaplad  at  a  path  poaltlM  of 


(2) 


aharo  a  la  tha  dlataaea  froa  tha  traaaaittar. 


Aa  loag  aa  K  la  althla  tha  laartlal  aohraago  of  tarbalaaca.  a  aaaaaraaaat  of 
tho  poaar  apoctral  daaalty  caa  ho  eoavortod  lato  a  aaaaaraaaat  of  tarbalooM 
atroBfth  aalof 

Ca*  -  30  O^iK)  (3) 

ahara  Ca^  la  tho  rafractlvo  ladax  atractaro  paraaeter  aad  Og(K)  la  tha  aaaaarad 
poaar  apactral  daaalty  of  rofractlvo  tarbalooca  fluctaatloaa.  If  tho  poaar 
apactraa  la  alaaltaaaoaaly  aaaaarad  at  a  MvoBaabor  hlghar  thaa  tha  laartlal 
aabraago,  tha  laaar  acala  can  alao  bo  laforrod.  It  caa  ha  approslaatad  by* 


5^ 


30 


11/3* 


U) 


aharo  la  tha  aocoad  aavenaabar  aad  la  foaad  oalag  Eq.  (3)  aad  tho  flrat 
aavaaaabor. 

The  apatlal  roaolatloa  that  caa  bo  a^lavod  dopoada  oa  tha  nmIbmT  of  cycloa 
of  tha  apatlal  flltara.  Por  aqaal  traaaaittar  and  rocalvor  apartaroa.  It  caa  ha 
approslaatad  by 


As  -  ■■-«*« - r 

aharo  aad  Nn  ara  tha  naabor  of  cycloa  la  tha  tri 
taroa,  roapectlvaly. 


(5) 


ilttar  aad  racolvor  apar- 


An  asporlaaat  aaa  parforaed  to  aaaaara  tho  apatlal  roaolatloa  of  tho  toch- 
nlqao  la  tha  cantor  of  a  110  a  path.  Tha  light  aoarca  aaa  a  light  aalttlng 
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dlo<to  with  •  Navelengtli  of  0.93  loi.  This  placod  at  tlM  focoo  of  a 
26.7-ca-aquare  Proaaol  loaa.  Tho  apatial  filter  coaalstod  of  1.27*ca-«ldo 
atrlpa  of  tape  aoparated  by  1.27  ca  oa  tbo  froat  of  the  Proaaol  loaa.  At  tha 
rocolvor.  aa  Idaatlcal  apatial  filter  aaa  uaod  la  froat  of  a  22 . 2-ca-dlaaotor 
leaa  that  collected  the  llpht  oato  a  photodetector.  The  detector  photocarreat 
aaa  aapllflad,  dlcltlzed.  aad  recorded  for  later  proceaalac. 

The  apatial  flltera  that  aero  uaed  eore  aearly  approzlaata  1/2  ♦ 

1/2  coa(Kx)  thaa  the  dealred  coa  Kx  traaaalaaloa  fuactlon.  Hoaaver,  the  algaal 
fluctuatlcaa  due  to  the  coaataat  tera  toad  to  occur  at  auch  loaer  frequeaclea 
thaa  thoae  due  to  the  dealred  tera.  Theae  aere  allalnated  by  digitally 
fllterlag  the  recorded  tlae  aerlea. 

The  apatial  reaolutloa  aaa  aeaaured  by  aovlng  a  44  kb  karoaoae  heater  aloag 
the  optical  beaa  aad  aeaaurlag  tha  relative  reapoaae  of  the  ayatea.  Slace  ae 
had  10.5  cyclea  acroaa  the  traaaaltter  and  S.7  cyclea  acroaa  the  receiver,  Bq. 
(5)  aould  predict  a  apatial  reaolutloa  of  3.6  a.  The  value  actually  aeaaured 
aaa  about  4  a,  la  cloae  agreeaent  alth  thla  prediction. 

In  a  variation  on  thla  technique,  one  can  iaaglne  the  traaaaltter  to  conalat 
of  a  point  aource  aovlng  at  aoae  velocity  v  In  the  x  direction.*  If  ae  look  at 
the  received  algaal  fluctuatlona  la  aoae  frequency  range  near  «,  the  effective 
aavenuaber  of  the  trananltter  la  given  by  w/v.  By  neaaurlng  the  poaer  apectral 
denalty  of  the  received  algnal,  one  la  alaultaaeoualy  aeaaurlag  a  different 
aavenuaber  at  a  different  path  poaltion  for  each  frequency  reaolutloa  eleaent. 
The  apeclflc  valuea  are  found  by  replacing  Kj  alth  m/v  la  Bqa.  (1)  and  (2). 

Near  the  center  of  the  path,  the  apatial  reaolution  of  thla  ayathetlc  aper¬ 
ture  apatial  filtering  ayatea  can  be  approxlnated  by 


Another  Intereating  application  la  to  pot  the  aource  In  loa-earth  orbit  and 
neaaure  vertical  profllea  of  turbulence  froa  the  ground,  la  thla  caae,  the 
height  reaolution  la  given  by 
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•IMM  k  la  tlM  kalckt  of  tka  aaaaaraaaat. 


CTI 


1.  R.  V.  Laa,  "Raaota  proklag  aalag  apatlallp  flltarad  apartaraa."  J.  Opt.  Sec. 
Aa.  ISSO-ISOS  (10T4). 

S.  S.  r.  Clifford,  "Tha  elaaalcal  tkaory  of  aavo  proposatloo  lo  a  torkoloat 
Mdlua."  la  yttt  Jlsii  Propaaatloa  Jb  ^  Afoaokaro  adltad  by  J.  N. 
Strokbaka  (Spriagar-Varlac.  Mae  Yo^.  1078)  p.  80. 

S.  S.  y.  Clifford  aad  J.  I.  Ckoraalda.  "Rofraetlvo  tarboloaco  proflllat  aalBff 
ayatkatle  ^rtoro  apatlal  flltorlac  of  aclatlllatloa,"  Appl.  Opt. 

129S-1303  (1087). 
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Minllldar  for  pollution  monitoring  and  multiple  scattering 
studies 


Christian  Werner 
Institute  for  Optoelectronics 
German  Aerospace  Research  Establishment  (DEVLR) 
0*8031  Wessllng,  Fed.  Rep.  of  Germany 


1 .  Introduction 

A  simple  backscatter  Ildar  was  developed  to  measure  aerosol 
and  cloud  backscatter  and  extinction  values.  It  can  be  used 
as  ground  based  Instrument  as  well  as  airborne  unit.  For 
different  research  goals  different  modules  are  available. 

The  main  reason  for  development  was  the  multiple  scattering 
Ildar  experiment  (MUSCLE),  a  joint  DFVLR  *  Hebrew  University, 
experiment. 

The  -system  can  also  be  used  as  an  unit,  which  gives  auxiliary 
data  to  other  remote  sensing  Instruments,  for  example  cloud 
top  height  for  the  stereo  imager. 

2.  Multiple  Scattering  Lldar  Experiment  (MUSCLE) 

High  optical  depth  values  giving  rise  to  multiple  scattering 
effects  are  very  conrnon  in  measuring  Ildar  echo  from  clouds. 

In  order  to  investigate  the  cloud  albedo,  the  cloud  thickness 
for  non*clrrus*clouds ,  and  the  liquid  and  Ice  water  content, 
multiple  scattering  calculations  must  be  Included.  The 
multiple  scattering  theory  is  based  on  single  particle  scat¬ 
tering  theory  assuming  spherlzlty  and  the  probability  for  the 
occurance  of  more  than  one  scattering  event  between  the  Ildar* 
transmitter  and  -receiver.  Since  the  probability  depends  on 
the  special  geometry  of  the  Ildar  Involved,  the  theory  will 
be  developed  for  the  Minllldar  system. 

In  many  cases  the  assumption  that  the  single  scattering  origi¬ 
nates  from  spherical  particles  Introduces  an  additional  In¬ 
accuracy.  Ice  crystal  particles  and  desert  durst  particles  are 
examples  for  the  need  of  more  sophisticated  theory. 

Lldar  measurements  can  detect  such  non-spherlcal  particles  by 
analyzing  the  two  first  parameters  of  the  Stoke  scattering 
vector:  Spherical  particles  will  not  affect  the  polarization 
of  the  Incident  linearly  polarized  light  whereas  nonspherlcal 
particles  will  give  rise  to  a  depolarization  effect.  This  Is 
true  for  single  scattering  events  (optical  thickness  less 
than  0,1). 


ThA3-2 


Multiple  scatter  effects  Involve  several  different  scattering 
angles  and  therefore  when  present  depolarization  effects  will 
also  be  measured  for  spherical  particle  of  high  optical  depth. 

In  order  to  distinguish  between  depolarization  caused  by  non* 
spherical  particles  and  depolarization  caused  by  multiple 
scattering  from  optical  dense  spherical  particle  layers  the 
theory  will  be  developed  based  on  the  delayer  Increasing  de* 
pr^^arization  concept. 

The  hardware,  the  minllidar  must  have  the  possibility  to 
measure  the  different  polarized  backscatter  components  and 
measure  these  components  with  different  field  of  views.  To 
vary  the  polarization  direction  of  the  transmitted  radiation, 
two  concepts  are  under  construction. 

The  system  was  developed  for  proxy  operation  too.  A  trained 
technician  can  handle  the  system. 

It  is  possible  to  add  the  minllidar  to  an  existing  sensor 
package  to  give  range  resolved  backscatter  information  from 
clouds  or  aerosol  layers  which  may  be  of  interest  for  a 
passive  sensor  to  increase  its  range  resolution. 

3.  Technical  desciriptlon  of  the  system  minllidar 

Laser 

NdzYAS.  linear  polarized,  Spectrum  Onba 

Mavelength  1064  no 

pulse  length  10  ns 

pulse  energy  10  mJ 

pulse  repetition  rate  1/3  Hz 

beam  divergence  3  mrad 

power  24  *  30  V,  1.5  A 

receiver  optic  modul  1 

effective  receiver  area  62  cm* 

field  of  view  3,  6,  10  mrad 

detector  tAG  444  PIN  photodiode 

polarizer  with  second  detector  as  option 

modul  2 


effective  receiver  area  896  cm* 
field  of  view  3.  6,  10  mrad 

detector  YAG  444  PIN  ^lotodiode 

polarizer  with  second  detector  as  option 

modul  3 

combination  of  modules  1  and  2,  modul  1  without  depolarization  optic. 
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Signal  procaaslng: 

2  chaonal  a/d  convartar 
iO  Bin.  20  mz  as  cpciaa 
ISH-PC-^  via  GRZB. 

Option:  laaar  acazgy  nanitor 


Figure  1  shows  the  three  possible  sndlf lest Ions  of  the  system 
mini Ildar. 


Figure  1.  System  Mini Ildar  a.  Laser 

b.  receiver 

c.  beamsplitter  for  polarization 
separation 

d.  detector 

e .  receiver 

4.  New  concepts 

There  Is  a  second  unit  under  develoimtent  for  measuring  the 
backscatter  with  circular  polarized  light.  Figure  2  shows 
the  concept. 
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Figure  2.  Concept  of  the  backscatter  mlcrolldar  witn  circular 
polarized  transmitted  light  and  optical  detector 
preamplifiers. 

The  laser  Is  used  as  transmitter  and  signal  amplifier.  The 
quarter-wave-plate  and  the  Brewster  window  are  used  to  separate 
the  transmitted  laser  radiation  from  the  received  backscatter 
signal. 

A  second  Hd:YAG  rod  is  Installed  In  the  cavity  to  amplify  the 
signal.  Tests  with  laser  diode  pumped  Nd:YA6  amplifiers  will 
be  reported. 


4/ 
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IMPROVED  DIODE-LASER 
RANDOM-MODULATION  CW  LIDAR 

Hiroshi  BABA.  Katsuai  SAKURAI. 

The  University  of  Tokyo.  Dept,  of  Pure  and  Applied  Science, 
Konaba.  Heguro,  Tokyo  153,  Japan 

Nobuo  TAKEUCHI, 

The  National  Institute  for  Environnental  Studies, 

Yatabe,  Tsukuba,  Ibaraki  305,  Japan 

and 

Toshiyuki  UENO 

Chiba  University,  Faculty  of  Engineering, 

Yayoi'Cho,  Chiba  260,  Japan 


Diode  laser  (DL)  has  the  advantages  such  as  coapact  size,  saall 
weight,  snail  consuaption  power,  low  driving  voltage,  high  power  effi¬ 
ciency,  easy  handling  of  power  and  frequency  nodulation,  long  lifetiae 
and  low  cost.  Although  the  peak  power  is  auch  saaller  than  that  of  the 
giant  pulse  solid-state  laser  (nore  than  eight  orders  of  aagnitude), 
the  average  power  is  not  so  snail.  So  the  use  of  a  cw-DL  realizes  a 
coapact,  reliable,  practical,  portable  lidar  systen.  Introducing  the 
pseudo-randoa-aodulation  technique,  we  already  reported  the  construc¬ 
tion  of  a  DL  randon-aodulation  cw  (RN-CV)  lidar  and  the  successful 
operation  of  the  nighttiae  aerosol  neasurenent' *  ■ .  In  this  paper,  we 
report  the  outline  of  the  RH-CU  lidar,  the  inprovenent  of  the  DL  Rfl-CV 
lidar,  and  the  aeasureaent  of  the  daytiae  aerosol  profile  neasurenent 
as  well  as  the  nighttiae  one. 

[FUNDAMENTAL  of  the  RM-CV  LIDAR]  The  principle  of  the  RM-CW  lidar  is 
already  nentioned  in  the  Ref.  1.  For  a  square-shape  M-sequence,  a: 
(isl,...,N)  (ai-1  or  0),  the  cross-correlation  with  the  corresponding 
(1,-1)  M-sequence  a’;  gives  the  delta  function- 1  ike  result.  Randoa- 
code  nodulated  power  is  written  as  Pgai .  Receiving  signal  yi  is  the 
convolution  of  Pgai  with  the  response  function  of  the  aerosol  spatial 
profile  Gi.  The  signal  z,  integrated  over  M  periods  is  written  as 
M  M  N 

^i^?/i+(k-l)N*J'^j^Jo*i+(k-l)N-j^j*‘’i^ 

Expectation  value  Si  of  the  cross-correlation  of  Zi  with  a’i  recovers 
the  function  corresponding  to  the  A-scope  of  a  pulsed  lidarl 

S,=ECS,]=M{pQ(N+l)G,/2+b}. 

In  a  case  of  using  a  cw  DL  as  the  light  source,  the  receiving  signal 
intensity  is  in  the  photon  counting  region,  and  the  signal -to-noise 
ratio  is  written  as 
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SMR*  S,/7  VtS,]a/HTP(,<H+OC,/2^  {f  jM+l>C/2*b). 

Here  f39«cdt/hv  (?•  is  the  PHT  qusntue  efficiency,  e  is  the 
constant  relating  to  the  discriaination  level  of  the  ADC.  At  is  the 
saapling  tiae)  is  the  conversion  coefficient  froa  the  detected  power 
to  the  digitized  count  nuiber. 

C IMPROVED  OL  RN-CV  LIDAR  SYSTEM]  The  target  of  DL  RM-CV  I idar  is  to 
realize  a  portable,  nractical  systea  for  the  aeasureaent  of  ataospher- 
ic  phenoaena  at  short  distance.  Since  currently  coaaercial  DL  has  the 
power  level  of  less  than  100  aV.  the  detection  range  is  roughly  1  ka 
for  a  thin  aediua  (ex.  aerosol),  and  several  ka  for  a  dense  targetCex. 
topographic  targets,  and  cloud). 

The  specification  of  the  iaprowed  systea.  which  is  siailar  to  the 
previous",  is  shown  in  Table  1.  The  points  of  significant  iaproveaent 
are  the  use  of  a  narrow-band  optical  filter,  and  the  reaoval  of  elec¬ 
tric  noise  and  aaplifier  distortion.  Other  points  of  difference  are  : 

1.  the  size  of  the  telescope  froa  IS  ca  to  20ca  in  diaaeter. 

2.  the  use  of  a  OL  in  the  single  node  operation. 

3.  the  reaoval  of  accuaulation  liait  for  the  digitized  count  of  2'*. 

4.  the  flexibility  of  M-sequence  code  selection  (12th-order  or  lover), 

5.  the  addition  of  scanning  function. 


Table  1.  Specification  of  the  inproved  DL  RM-CV  Lidar. 


laser:  GaAIAs-DL  (Hitachi) 

Wavelength  780  nn 

Output  30  nU 

Driving  current  40aA(bias. 

Bean  Divergence  0.4arad. 

modulation:  M-seq.  randoa  code 

Clock  Tine  60ns 

M-seq. order  12th.  10th  or  under 
(Nuaber  of  elenents  4095.  1023  or  under) 


*  40nA(nod.) 


RECEIVING 


Range 

OPTICS 


resolution 


8n 


Telescope 
Aperture 
Focal  length 
FOV 

Opt.  Filter  Bandwidth 


Cassegrainian  (reflection) 

200nn 

2000nn 

0.5  -  3arad 

0.3nn(FV) 


DETECTOR 


PMT 

SIGNAL  PROCESSOR 
ADC 

Accuaulation 


Haaanatsu  R928 

3  bit  (clock  tine  60ns) 
up  to  2** 
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The  picture  of  the  optical  head 
is  shown  in  Fig.  1.  The  lock  of  the  T 
single-aode  DL  frequency  to  the 
center  of  the  narrow-band  optical 
filter  was  pursued  by  giving  the 
feedback  to  the  DL  drivingcurrent, 
so  as  to  saxiauaize  the  doubly- 
■odulated  receiving  signal,  which 
was  detected  through  the  optical 
filter.  However,  in  aost  cases,  the  i 
frequency  stabilization  of  the  DL 
was  siaply  carried  out  by  keeping 
the  teaperature  constant.  The  ad- 
Justaent  of  optics  was  carefully 
done,  after  estiaating  the  coapti- 
cated  behavior  of  the  geoaetrical 
fora  factor  (cross-over  function)^’ 
due  to  the  tilted  angle  incidence  g,|| 
to  the  narrow-band  optical  filter. 

The  use  of  the  filter  aakes  possi-  har 
ble  the  photon  counting  operation  dec 
even  at  daytiae. 


.A' 


Fig.  1.  Optical  head  of  the  ia- 
proved  LD  Rh-CW  lidar.  The  trans- 
aitter  is  located  down-left  of  the 
receiving  telescope.  The  head  is 
handled  by  a  single  person  after 
decoaposed  into  three  parts. 


(DAYTIME  AEROSOL  MONITORING]  The  distance-square  corrected  A-scope 
for  the  aerosol  distribution  is  shown  in  Fig.  2.  The  data  was  taken  at 
2  pa.  The  elevation  angle  was  10°.  The  sky  was  partially  covered  by 
cloud.  The  aerosol  profile  was  aeasured  up  to  500  a  with  the  SN  ratio 
of  10.  Although  the  spatial  resolution  was  9  a,  the  rapid  variation 
of  the  aerosol  spatial  profile  was  saoothened  by  the  integration  of 
160  sec.  The  data  shows  the  boundary  layer  is  alaost  hoaogeneously 
aixed  by  the  convection  in  the  early  afternoon.  The  addition  of  scan- 


CQ 

CC. 

<  2 


Nov.  28, 1986 
14:37 


D1  STANCE 

Fig.  2.  Range-square  corrected  A-scope  of  the  daytiae  aeasured 
aerosol  profile.  The  integration  tiae  is  160  sec.  The  data  was 
taken  at  2  pa.  The  sky  was  slightly  covered  by  cloud. 
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Fig.  3.  Visibility  leasuresent  by  a  DL*RH-CU  I idar.  The  data  was 
coapared  with  a  transaissoaeter  data. 

ning  function  will  aake  possible  the  crosssection  aeasureaent  of  air 
pollution  phenoaena  such  as  pluae  dispersion. 

[AFPLICATION  TO  THE  VISIBILITY  NONITORING]  One  of  the  aost  proaising 
application  of  the  DL  RN*CV  I  idar  is  the  visibility  aeasureaent.  Al* 
though  the  real  field  test  of  the  iaproved  systea  is  just  to  ready, 
the  prototype  has  been  used  to  seek  the  possibility  of  the  field  use 
of  the  OL  RN*CH  I idar.  After  the  careful  adjustaent,  the  prototype 
systea  was  coapared  with  a  transaissoaeter.  The  region  of  the  coapar- 
ison  was  taken  alaost  the  saae.  The  visibility  data  obtained  by  the 
slope  aethod  froa  the  Ildar  aeasureaent  was  coapared  with  the  trans* 
aissoaeter  data  in  Fig.  3.  The  agreeaent  of  the  both  data  is  coaplete 
if  we  take  into  account  the  wind  condition  and  the  difference  of  the 
aeasureaent  site  of  300  a.  The  dispersion  of  the  autoaobi le*stirring 
dust  was  also  aonitored  in  addition  to  the  boundary  layer  structure. 

Ve  would  like  to  thank  Heisei  Electric  Co.  Liaited  for  the  coope 
ration  to  the  developaent  of  the  systea. 

1)  N.Takeuchi,  H.Baba,  K.SaKuni,  T.UenoIAppl.  Opt.  25  (1986)  63*67. 

2)  II.T«keud»|,  N.Babs.  K.Satairsi.  T.Uem,  N.lshilcs«a:Proc.  13th  lUK  B-IO,  Toronto,  (1986)  41-44. 

3)  N.Ttl(euchi,  and  T.SatoI  subaitted  to  Review  of  Laser  Engineerins(in  Japanese). 
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TURBULENCE  NEASURENENTS  IN  THE  CONVECTIVE  BOUNDARY  UYER 
WITH  A  SNORT-PULSE  CO2  DOPPLER  LIDAR 

Mynn  L.  Eberhard  and  R.  Nichaal  Hardasty 
NOAA  Nava  Propagation  Laboratory 
325  BroadMay 
Bouldar,  CO  80303 

Tzvl  Qal-Chan 
School  of  Hataorology 
Univarsity  of  Oklahoaa 
Nornan,  OK  73019 


INTRODUCTION 

A  pulsad,  eoharant  CO2  Doppler  Ildar  (Hardesty  at  a1.,  1963,  1987)  Mill 
atteapt  a  conical  scan  tachniqua  to  caasure  turbulence  and  aoaantua  fluxes  In 
the  convective  boundary  layer.  Kropfll  (1986)  has  shoNO  success  altn  this 
aathod  using  a  Doppler  radar  In  the  convective  boundary  layer,  but  the  Ildar 
has  an  advantage  In  relying  on  the  ubiquitous  aerosol  particles  as  tracers  of 
air  notion  in  a  variety  of  eeteorological  conditions.  Me  describe  the  data 
acquisition  and  processing  Methodology,  progress  in  optinizing  the  Ildar's 
spatial  resolution,  and  the  planned  field  aeasurenent  prograa. 

METHOD  TO  OBTAIN  TURBULENCE  AND  NOMENTIM  FLUX 

The  lidar  Measures  the  radial  conponent  of  air  velocity  at  each  range  R 
Mhile  repeatedly  perforaing  conical  scans  through  360*  azinuth  (8)  at  an  ele¬ 
vation  angle  (8). 

The  conventional  VAO  (velocity-azinuth  display)  Method  Is  first  applied 
in  data  processing  to  obtain  the  Mind  averaged  over  each  circle  saept  out  by 
the  range  gate.  A  least-squares  fit  of 

Vp(e,i)  ■  A^^  ♦  A^^  sine  ♦  Ag^  cosO  (1) 


to  data  at  each  range  gate  of  the  1th  scan  yields  the  Mind  coaponents  u  ■ 
A^{/cos8  toMard  8  ■  90*  and  v  ■  A2i/cos8  toaard  8  ■  0*  at  each  height  z  • 
Rsind.  The  offset  tero  Ag^  includes  contributions  froa  the  vertical  velocity 
and  the  horizontal  divergence  over  the  donain  of  the  VAO  circle.  The  Mean 
Mind  for  the  period  is  deterained  by  averaging  over  the  scans  to  obtain  Ag, 
A),  and  A2.  (If  aore  coaplicated  flOM  deforaatlons  occur,  they  can  be  deter¬ 
ained  by  averaging  the  radial  velocity  over  i  and  fitting  a  sinusoidal  series 
of  higher  order  In  8.)  The  result  of  this  procedure  is  the  period-nean  fit 
Vr(8). 

The  aoaentua  fluxes  are  calculated  froa  the  deviation  Vr'(8,1)  of  the 
individual  Mind  aeasureaents  froa  Vp(8).  The  average  variance  over  N  scans 
Is 
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Mlwr*  var[Vp]  Is  a  function  of  •.  The  vM'CVp)  is  rslatod  to  the  turbutoneo 
varianeos  and  covarianeos  (Wilson*  19T0;  Kropfli,  ISM)  by 

var(Vg]  ■  varCu]  coa^d  sin^t  ♦  var(v]  eos^d  eos^d  (3) 

2 

♦  var(N]  sin  d 

♦  eov(uN]  sin2d  sind  ♦  cov(vm]  sin2d  cosd 

2 

♦  eov{uv]  cos  d  sin2d  . 


Mhoro  eov(uN)  signifies  u'm'*  var(u)  signifies  u'u'*  and  (  )  raprasonts  a 

tsnporal  average.  Xf  the  variances  and  covariances  are  henogane^*  a 
Fourier  daocaposition  of  (3)  OKtracts  the  covariance  tarns,  for  exaaple 


’  no 


360 

/  var[V_]  Sind  dd 
0  " 


(4) 


Other  Fourier  coefficients  yield  var(u]  ♦  variv],  var[u]  >  var[v),  var(N), 
covCvM],  and  covCuv]. 

When  cov[un]  and  cov(vn]  are  of  prinary  interest,  a  d  of  roughly  46* 
gives  the  bast  results.  An  elevation  angle  close  to  0*  is  better  for 
obtaining  var[u]  and  var(v],  whereas  d  near  90*  is  better  for  neasuring 
var(w].  A  aaasureaent  period  should  continue  long  enough  to  sanple  a  nunber 
of  advecting  eddies  at  the  largest  scale  of  interest  in  the  turbulence 
spectrun.  Xn  convective  conditions,  a  period  roughly  1  h  long  should  suf¬ 
fice. 

LXOAR  OPERATXON  WXTH  SHORT  PULSES 

Hardesty  at  ai.  (1963)  gave  a  general  description  of  the  lidar,  although 
it  now  uses  a  laser  transnitter  with  higher  perfomance  (Hardesty,  Lawrence, 
and  Cupp,  1967).  We  have  routinely  operated  this  injection-locked  TEA  laser 
with  a  7:2t1  nixture  of  Ho:C02:H2  to  produce  1  J  pulses  at  10  Hz  repetition 
rate.  The  pulse  energy  extends  (Fig.  1)  over  about  6  nicroseconds  or  900  a 
range  interval. 

The  outgoing  pulse  is  directed  through  an  off-axis  paraboloid  telescope 
with  26  cn  diaaeter  priaery  airror  and  through  a  coaputer-controlled  scanner 
to  any  specified  direction  in  the  upper  heaisphere.  The  sane  telescope 
collects  radiation  backscattered  froa  aerosol  particles  and  directs  it  to  the 
signal  detector.  A  polarizing  elenent  in  coabination  with  a  wedged  plate 
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Fig.  1.  Puls*  shapes  for  thraa  gas  alxturas  (Ha:C02iN2). 
Solid  lino  Is  7;2:1  alxtur*  and  1  J  pulsa  anargy.  Oashad 
llna  Is  7:2:0. 3  and  0.4  3.  Oottad  llna  Is  7:2:0  and  0.2  J. 


naar  tha  BrsMStar  angle  act  as  a  transalt/racalva  SNitch.  The  backscattar 
signal  alxas  coherently  with  a  CM  local  oscillator  laser,  whose  frequency  Is 
offset  22  MHz  fron  the  Injection  laser  to  obtain  the  sense  as  well  as  the 
aagnltud*  of  the  radial  velocity. 

A  satll  fraction  of  the  trsnsaittad  energy  nixes  with  the  local  oscilla¬ 
tor  on  a  separate  detector  to  nonitor  the  energy  and  frequency  of  the 
transaitted  pulse.  The  data  acquisition  systea  sw1<ches  froa  the  puls*  aonl- 
tor  to  the  signal  detector  after  an  operator-selectable  delay. 

A  real -tin*  processor  estiaates  the  aean  Doppler  frequency  at  each  range 
gate  i^or  a  selectable  nunber  of  averaged  pulses.  A  coaputer  writes  the 
results  to  digital  nagnatlc  tape  and  generates  a  color  display. 

For  the  turbulence  neasurenents  w*  ^slr*  a  shorter  puls*  conpatibl*  with 
the  processor's  saallest  rang*  gate  (150  a)  to  resolve  as  such  of  the  energy- 
containing  turbulence  as  possible.  Me  also  need  to  ellninat*  the  long  tall 
of  the  pulse  to  to  reduce  the  ninlaua  rang*  to  500  a.  A  faster  puls*  rate  of 
20  Hz  Is  preferred.  Pulse  energy  as  low  as  0.1  J  can  be  tolerated  and  still 
attain  adequate  naxinun  rang*  of  about  10  ka.  By  ellninating  N2  fron  the  gas 
nixture,  we  obtained  a  narrow  pulse  (Fig.  1)  with  0.2  J  energy.  Unfor¬ 
tunately,  this  alxtur*  degraded  rapidly,  producing  only  about  10,000  pulses 
before  the  laser  discharge  began  arcing.  The  puls*  shape  (Fig.  1)  froa  a 
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7:2t0.3  alx  Is  Mrginally  satisfactory,  and  ths  llfstlao  Is  barely  acerp- 
tabla.  Ms  ara  axparlaanting  Kith  gas  aixturas  and  also  constant  flon  rapla* 
nlshaant  In  a  further  search  for  shorter  pulses  and  a  alnlaua  of  one  hour  of 
continuous  operation.  The  conclusions  froa  these  trials  will  be  prasantad  at 
the  aaatlng. 

LIOAR  AT  FIFE 

Maasuroaants  will  be  parforaad  as  part  of  the  First  XSLSCP  Field 
Exparlaant  <FIFE),  where  XSLSCP  Is  the  Xntarnatlonal  Satellite  Land  Surface 
Cllaatology  ProjMt.  FXFE  will  supply  satellite  and  ground  truth  data  to 
help  validate  algorlthas  to  yield  quantitative  Infomatlon  concerning  Iwid 
surface  cllaatologlcal  conditions  froo  satalllta-obsarved  radiance  data.  The 
characterization  of  the  planetary  boundary  layer  Is  an  laportant  coaponant  of 
FXFE. 


FXFE  will  taka  place  In  a  region  of  grass-covered,  aodarataly  rolling 
terrain  near  Manhattan,  Kansas,  during  four  saparsta  phases  In  1987.  The 
Ildar  will  participate  In  the  aost  axtansiva  axparlaantal  phase  June  25  - 
July  IS.  Surface  stations  and  Instruaantod  aircraft  will  naasura,  aaong 
othw  paraaatars,  the  turbulence  and  the  vertical  flux  of  horizontal  aoaen- 
tua,  which  will  be  coaparad  with  the  Ildar  results.  A  case  study  of  prallal 
nary  results  froa  this  new  tppllcatlon  of  Ildar  will  ba  prasantad  at  the 
aaatlng. 
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THE  LEHNORE  PROJECT  :  A  FRDCH  AIRBGRTC  LIDPR  SVSTEn 
FOR  nETEOROLOSlCAL  STUDIES 

J.  PELON 

Service  d'Mronoale  du  CNtS  Unlverslld  Pierre  et  llerle  Curie 
7S230  Paris  Cddex  OS.  FRANCE 


Introduction 

An  airborne  Ildar  sustea  for  aeteorologlcal  studies  Is  beelng 
developed  In  France  bu  the  CARS  CServlce  d'Adronoale,  Laboratolre  de 
Ndtdoroloale  Dunaalque  •si.  Pelon  and  P.  Flaaant  principal  Investigators-, 
and  Instltut  National  des  Sciences  de  I'Unlvers  -N.  Bourdet  project 
aanager-)  and  the  CNES.  It  will  be  lapleaented  on  board  the  French 
Research  Airplane,  a  Fokker  F27.  which  will  be  also  Instruaented  with 
nuaerous  In  situ  sensors. 

This  project  Is  the  natural  developaent  of  the  previous  studies 
perfomed  at  the  Service  d'Adronoale  and  the  Laboratolre  de  ndtdorologle 
Ounaalque  with  ground  based  Ildars.  The  LEANDRE  susteas  use  state  of  the 
art  technology  and  are  conceived  coapact  aodular  and  autoaatized.  The 
LEANORE  project  constitutes  a  very  laportant  step  for  aeteorologlcal 
studies  at  saall  and  alddle  scale  toward  the  future  lapleaentatlon  of 
Ildar  susteas  on  space  platfoms. 

I .  The  LEANDRE  prooraaae 

The  scientific  objectives  of  the  LEANDRE  project  are  related  to  the 
study  of  the  lower  ataosphere  with  specific  eaphasls  on  planetary  boundary 
layer  and  low  troposphere  aeteorology. 

The  airborne  Ildar  developaent  will  be  conducted  In  three  phases  for 
aerosol  and  cloud,  water  vapour,  pressure  and  teaperature  and  wind 
aeasureaents.  These  objectives  are  suaaarlzed  In  table  1. 

In  the  first  two  phases  a  backscatter  Ildar  and  a  Differential 
Absorption  Lldar  (DIAL)  with  solid  state  laser  technology  and  slallar 
optical  and  electronic  detection  systeas  will  be  developed.  In  the  third 
phase  a  backscatter  lldar  using  COt  laser  technology  and  specific 
heterodyne  detection  systeas  will  be  conceived.  The  first  flights  of  the 
LEANDRE  systeas  az*e  scheduled  froa  the  end  of  1988  for  phase  la  to  1998 
for  phase  ! 1 1 . 

I I .  Description  of  the  LEANDRE  lldar  susteas 

The  concept  of  the  LEANDRE  systea  Is  aodular  to  facilitate  Us 
evolution  and  adaption  between  phases.  It  Is  driven  by  the  choice  of 
lowest  huaan  intervention  and  coapactness  connected  to  a  low  power 
consuaptlon. 

The  lidar  systea  Is  coaposed  of  subsysteas  organized  as  shown  on 
fig.  1. 

Coapatibllity  will  be  the  aost  laportant  between  the  first  two  phases. 
In  these  phases  it  is  planned  to  perfora  nadir  and  zenith  aeasureaents  as 
the  aaxlaua  flight  altitude  of  the  Fokker  Is  about  8  ka.  Ability  to  switch 
froa  nadir  to  zenith  viewing  during  flight  Is  foreseen.  A  aoblle  airror 
will  be  used  for  the  nadir  viewing  to  allow  horizontal  structures  to  be 
studied  perpendicularly  to  the  flight  track.  The  control  by  a  central 
coaputer  of  the  experiaent  with  delocalized  self  control  of  each  subsystea 
allows  to  aake  real  tlae  data  processing  to  display  the  aeasureaent 
paraaeters  as  a  function  of  height  and  tlae.  The  developaent  of  all 
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Tabl«  1  :  Object iu«s  of  the  LEANORE  Project 


Fl0.  1  :  Schenatic  of  the  LEANDRE  Ildar 
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sust«m  for  lapUMntatlon  on  board  ttio  piano  haa  begun  for  phasoa  I  and 

11  whoroaa  for  phase  III  only  laboratoru  dewelopnents  are  presentiu 
perforaed.  Phase  III  ulll  not  be  discussed  here. 

II .a  Eaitter 

As  aeniloned  before  all  phases  will  hawe  a  specific  ealtters  : 

In  phase  la  the  eaitter  Is  a  pulsed  Nd-Vag  laser  ealttlng  In  the 
Infrared  at  1.06,  ua  and  In  the  green  at  0.S3  ua,  with  respective  energies 

of  250  and  ISO  ad  In  10  ns  pulses  at  a  10  Hz  repetition  frequencu. 

Polarization  Is  linear  and  bean  divergence  can  be  adjusted  b«  neans  of  a 
bean  expander.  A  local  nlnlconputer  controls  the  operating  node  of  the 
laser  Cenltted  energies,  securities),  and  addresses  paraneters  of 
laportance  such  as  energies  to  the  central  eonputer  through  the  control 
electronics  Ccf.  fig.  1). 

.  In  phase  la  and  II,  the  laser  source  ulll  be  an  alexandrite  oscillator 

ealttlng  two  pulses  separated  by  about  70  us  at  two  frequencies  on  and  off 

an  absorption  line  of  water  vapour  or  oxygen,  for  hunldlty  or  pressure  and 
tenperature  neasurenents  by  the  DIAL  technique  (1.2,3).  A  prototype  of 
this  laser  oscillator  Is  presently  developed  at  the  Service  d'Adronoale 
Cl).  The  ruggedlzed  Industrial  version  developed  for  the  airplane  should 
be  capable  of  ealttlng  twice  SO  aJ  aonoaode  at  10  Hz  for  phase  11 
experlaent.  The  coaputer  checking  the  laser  operation  should  furtheraore 
control  the  ealtted  wavelengths.  This  will  be  perforaed  through  a 
uaveaeter  using  aultlbeaa  Flzeau  Interferoaeters  slallar  to  the  one 
developed  by  CARS  and  CAES  In  the  fraae  of  the  LASE  II  project. 

1 1 .b  Receiver 

In  the  first  two  phases  a  coapact  30  ca  Rltchey-Chretlen  telescope 
has  been  chosen.  In  phase  la,  the  detection  optical  systea  Is  designed  to 
separate  the  two  wavelengths  and  the  two  polarizations  received.  In  phase 
lb.  II.  only  the  two  polarizations  are  separated,  the  two  wavelengths 
beelng  detected  In  sequence  on  the  sane  channel.  Harrow  bandwlth  filters 
(0.2  nn)  are  used  to  Unit  background  noise  for  day  neasurenents. 
Tenperature  of  the  receiving  optical  box  Is  controlled  to  avoid  wavelength 
drifts  of  the  filters.  As  nuch  as  four  photonultlpller  tubes  or 
photodiodes  can  be  used  sinultaneously  to  detect  the  backscattered 
signals. 

lllc.  Detection  electronics 

As  nentioned  before  up  to  four  detectors  can  be  used  at  the  sane  tine. 
In  phase  la  they  ulll  be  adapted  for  detection  at  0.53  ua  and  1.06  ua  on 
both  polarizations.  In  a  first  step  three  photonul tip Hers  ulll  be  used 
and  one  photodiode  for  ground  echo  detection.  All  photonul tip I lers  will  be 
gated  to  reduce  their  gain  by  a  factor  of  100  during  the  laser  eaisslon 
and  In  case  of  high  signal  detection  (clouds,  ground  echo).  High  dynanlcs. 
fast  recovery  preaapllf lers  are  aounted  In  the  sockets  of  the  PA  tubes. 
They  are  followed  by  gain  switched  aapllflers  :  the  gain  autonatlcally 
increeses  by  a  factor  of  100  for  low  detected  signals. 

The  signals  Issued  froa  the  three  PAT  channels  ulll  be  fed  Into  three 

12  bits  10  AHz  analogical  digitizers.  A  conplenentary  100  AHz  8  bits 
digitizer  ulll  be  used  In  parallel  on  one  channel  to  analyse  a  selectable 
region  of  the  atnosphere  with  a  ten  tines  higher  resolution. 
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1 1 .d  Data  acquisition  and  ttoraiw 

Tha  acquisition  sustea  it  based  on  a  Heulett  Packard  aicro  1000 
coaputer.  The  data  stored  in  the  internal  aeaorles  of  the  transient 
dlsltizers  are  transfered  to  the  coaputer  by  Direct  Meaoru  Access.  The 
coaputer  controls  the  data  coapression  Cl  to  5  shots  can  be  aueraped 
depending  on  flight  configuration)  and  data  storage  on  a  1600  bpi  tape 
recorder  through  a  eo  no  winchester  disk.  The  coaputer  is  also  in  charge 
of  the  real  tiae  data  display  iaplying  backgrcand  substraction.  solid 
angle  coapentation  and  also  inversion  of  lidar  data  to  physical  paraaeters 
(scattering  ratio,  depolarization,  huaidity,  teaperature. . .). 

The  data  are  displayed  on  a  8  level  color  scale  as  a  function  of 
height  and  tiae  every  2  seconds  corresponding  to  a  200  a  horizontal 
resolution,  with  a  vertical  resolution  of  50  to  300  a  depending  of 
altitude  range.  This  can  be  saved  on  a  printer. 

Data  froa  in  situ  sensors  (pressure,  teaperature,  dew  point....)  and  the 
navigation  systea  (speed,  yaw.  pitch...)  and  other  systeas  (visible  and  IR 
radioaeters)  can  be  stored  uith  the  lidar  data. 

Conclusion 

This  lidar  systea  uill  be  one  of  the  new  Instruaent  for  aeteorological 
research  lapleaented  a  board  the  Prench  ataospheric  research  aircraft.  It 
is  conceived  as  an  evolutive  systea  uith  coapleaentary  aeasureaent  ability 
and  should  give  an  neu  insight  in  synaptic  scale  meteorology. 
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Lidar  Measurement  of  Boundary  Layer  Parameters 


Edwin  W.  Eloranta 
Department  of  Meteorology 
University  of  Wisconsin 
1225  W.  Dayton 
Madison.Wis  53706 

(608)-262-7327 

Atmospheric  boundary  layer  air  flows  are  organized  by  a  variety  of 
circulation  patterns  such  as  thermals,  longitudinal  roll  vortices,  and 
gravity  waves.  Studies  of  these  structures  are  made  difficult  by  the  large 
range  of  spatial  and  temporal  scales  represented  in  these  structures. 
Spatial  scales  vary  from  a  centimeter  for  the  smallest  turbulent  eddy  to 
tens  of  kilometers  for  a  cloud  street  circulation.  Early  morning  thermals 
have  typical  dimensions  which  are  smaller  than  100  meters:  during  the  the 
day  these  cells  grow  to  sizes  on  the  order  of  2  kilometers.  The  lifetime  of 
a  typical  cell  ranges  from  a  few  minutes  to  the  order  of  an  hour.  The 
overall  structure  of  the  boundary  layer  evolves  with  the  diurnal  cycle 
while  the  structures  inside  are  swept  rapidly  along  by  the  wind.  While 
much  has  been  learned  about  these  circulations  with  aircraft  and  other 
traditional  measurement  techniques,  active  remote  sensors  such  as  radar 
and  lidar  are  required  to  provide  complete  description  of  the  evolving 
three  dimensional  structure. 

It  is  possible  to  study  boundary  layer  flow  structures  with  lidar  by 
mapping  the  distribution  of  aerosol  optical  backscattering.  Circulation 
patterns  are  often  marked  by  inhomogeneities  in  aerosol  content.  These 
inhomogeneities  make  the  circulation  patterns  visible  to  lidar.  One 
mechanism  for  the  creation  of  aerosol  inhomogeneities  arises  from 
surface  aerosol  sources.  These  aerosols  are  carried  aloft  into  cleaner  air 
by  surface  based  thermals  while  air  entrained  into  the  boundary  layer  to 
replace  the  rising  air  of  the  thermal  is  cleaner  than  its  surroundings. 
Pictures  of  lidar  observed  structures  will  be  presented. 
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It  is  nearly  always  possible  to  observe  a  change  in  aerosol  backscatter  at 
the  top  of  the  convective  boundary  layer.  This  makes  lidar  an  ideal  tool  for 
the  measurement  of  boundary  layer  depth.  The  top  of  the  boundary  layer  is 
frequently  contorted  by  thermals  pushing  from  below  interspaced  with 
downdrafts  of  clear  air.  Additional  contortions  are  generated  by  shear 
disturbances.  Conventional  measurements  of  boundary  layer  depth  suffer 
from  sampling  errors  because  they  provide  only  single  point  measurements 
of  the  depth.  Lidar  is  able  to  measure  boundary  layer  depth  in  a  region 
containing  many  thermals  thereby  providing  an  accurate  mean  depth 
measurement. 

Inhomogeneities  in  the  aerosol  content  are  swept  along  with  the  wind;  this 
makes  it  possible  to  measure  wind  speed  and  direction  by  observing  the 
motion  of  the  aerosol  structures.  Wind  measurements  are  derived  from 
two-dimensional  spatial  cross  correlations  of  the  aerosol  structure 
observed  at  a  small  time  separations.  Inside  the  convective  boundary  layer 
sufficient  structure  is  usually  available  to  allow  remote  wind 
measurements  with  non-Doppler  lidars.  Comparison  of  these  wind 
measurements  with  conventional  tower,  pilot  balloon  and  kytoon  measured 
winds  show  differences  which  are  limited  only  by  the  differences  in  the 
spatial  averaging  involved  in  the  measurement  techniques. 

The  cross  correlations  used  for  wind  measurements  also  allow  remote 
measurement  of  turbulent  intensities.  As  the  time  separation  is  increased 
the  maximum  value  of  the  cross  correlation  decreases.  This  decrease 
occurs  as  result  of  turbulence  which  distorts  the  aerosol  pattern  as  it 
moves.  Observations  of  the  rate  of  correlation  decay  provide  turbulence 
measurements. 

The  correlation  measurements  also  provide  direct  measurements  of 
typical  shapes  and  orientations  of  boundary  layer  structures.  The 
organizing  effects  of  the  wind  direction  are  clearly  evident  in  these 
measurements. 

We  have  recently  completed  construction  of  a  new  lidar  for  the  study  of 
atmospheric  structures.  This  system  has  been  optimized  to  study 
three-dimensional  structures  in  the  boundary  layer. 
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Lidar  scans  of  the  volume  included  in  a  30  degree  azimuth  sector  between 
0  and  15  degrees  can  be  obtained  in  approximately  3  minutes.  Such  a  scan 
includes  5400  separate  lidar  profiles  with  as  many  as  2048  data  points 
per  profile.  This  provides  a  detailed  three-dimensional  picture  of  the 
convective  structures  inside  the  scan  sector.  Under  favorable  conditions 
clear  air  convective  structures  are  visible  at  ranges  up  to  15km  from  the 
lidar.  Examples  of  data  obtained  with  this  system  will  be  presented. 

This  research  has  been  supported  by  the  U.S.  Army  Research  Office  under 
grants  DAAL03-86-K-0024  and  OAAG29-84-G-0028. 
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LIDAR  MEASUREMENTS  OF  THE  TROPOSPHERE 
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North  York,  Ontario,  Canada,  M3J  1P3 

This  paper  reports  on  an  extended  program  of  measurements  of 
tropospheric  properties  using  Ildar  remote  sensing  techniques.  Two  lidar 
systems  have  been  employed.  One  is  a  dual  frequency  ruby  lidar  operating 
at  low  pulse  repetition  frequency  ("0.2  Hz)  .md  high  energy  output  ("  3  J  @ 
694  im  and  "450  mj  @  347  nm)  and  the  other  \s  a  Xe  Cl  excimer  lidar 
operating  at  a  single  ultraviolet  wavelength  ^308  ran)  with  prfs  of  up  to  50 
Hz  at  energy  levels  of  the  order  of  50  mJ.  Both  systems  are  equipped  with 
high  speed  digitizers  (100  ^flz)  and  aru  coupled  to  IBM  PC's  for  data 
capture  and  analysis.  The  excimer  lidar  data  system  also  includes  a  high 
speed  signal  averaging  system.  The  ruby  system  has  a  multichannel  receiver 
so  that  several  return  signals  (at  different  wavelengths  or  polarizations) 
can  be  recorded  simultaneously  but  the  Xe  Cl  lidar  has  only  a  single 
receiving  channel. 

During  the  last  year  many  thousands  of  soundings  of  the  troposphere 
have  been  nade  with  these  systems  and  on  a  number  of  occasions  the  lidar 
measurements  were  done  in  conjunction  with  in-situ  airborne  measurements  of 
the  troposphere  conducted  by  the  Canadian  Atmospher  Environment  Service. 
On  these  occasions  the  aircraft  instrumentation  included  a  variety  of 
sensors  to  monitor  the  raicrophysical  and  chemical  properties  of  the 
boundary  laye  aerosol  cuid  cloud  foimations.  In  particular,  aerosol  cuid 
cloud  particle  sizes  and  concentrations  were  recorded  as  well  as  the  cloud 
liquid  water  content.  In  these  collaborative  measurement  programs  the 
objectives  were  to  cortpare  the  lidar  data  on  the  aerosol  and  clouds  to  the 
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in-situ  measuranents.  An  -werall  objective  of  this  lidar  program  is  to 
investigate  the  extent  to  \diich  lidar  is  capable  of  providing  useful 
quantitative  information  on  the  troposphere. 

To  date  the  study  tasks  have  been  divided  into  two  broad  areas  (1) 
Lidar  Methodology  Development  and  (2)  Atmospheric  Properties  Measurement. 

(1)  Lidar  Methodology:  Although  lidar  has  been  used  for  many  years  as  an 
atmospheric  probe  there  are  still  many  unanswered  questions  relating  to  its 
optimal  application  for  this  task.  One  particularly  useful  capacity  of  a 
lidar  is  its  ability  to  provide  information  on  the  3-dimensional 
distribution  of  atmospheric  contituents  ^both  gaseous  and  particulate). 
However  the  lidar  observable,  the  backscattered  signal  intensity  as  a 
function  of  space  and  time,  is  not  siirply  related  to  the  atmospheric 
optical  properties  (volume  backseat  ter  ing  coefficient  and  volvr..e  extinction 
coefficient).  The  relation  of  the  lidar  signal  strength  to  the  i^ysical 
and  chemical  properties  of  the  attaosirftere  is  even  more  coin>lex.  In  this 
program  activity  we  have  been  examining  the  acquisition,  analysis  and 
presentation  of  lidar  data  in  a  variety  of  ways  in  an  effort  to  ascertain 
the  value  of  the  information  which  can  be  derived. 

The  approach  has  been  to  gather  a  time  series  of  lidar  returns  for  a 
range  of  atmospheric  conditions  of  interest.  The  primary  measurement 
is  the  range-dependent  backscattered  signal  P(R)  where  R  is  the  distance  to 
the  scattering  volume.  Most  data  are  collected  in  the  vertical  direction. 
Rayleigh/Mie  (elastic  scattering)  returns  at  694  and  308  tm  and  Raman 
returns  at  the  first  Stokes  vibration-rotation  frequencies  for  nitrogen, 
water  vapour  and  liquid  water  using  principally  the  Xe  Cl  308  im  source 
have  been  recorded.  These  traces  are  digitized  with  a  10  to  20  nsec  time 
resolution  to  provide  the  basic  raw  data  set.  Single  shot  traces  are 
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recorded  for  all  strong  signal  cases  vdiereas  often  only  nultipulse  averages 
are  recorded  for  the  weaker  signals  -  generally  Raman  returns.  Data  have 
been  collected  using  both  linear  and  logarithmic  an^lifiers  to  examine  the 
signal  dynamic  range  considerations  in  a  rninber  of  instances. 

The  time  series  is  first  presented  as  a  ten-level  intensity  modulated  plot 
of  the  range-squared  corrected  signal  S  s  ln[R^P(R)l  where  S  is  shown  as  cui 
altitude-iiime  display.  Both  colour  and  black  and  whits  displays  are 
available  and  the  intensity  contrast  limits  can  be  varied  to  enhance 
details  for  either  the  high  signal  levels  (clouds)  or  lov  levels 
(aerosols).  This  display  has  been  found  to  be  very  useful  for  demonstrating 
the  time  dependence  of  the  atmospheric  properties  and  for  indicating 
regions  with  interesting  or  unusual  features  which  merit  more  detailed 
analysis.  The  trace-to-trace  correlations  and  the  overall  features  of  the 
returns  can  quite  readily  be  identified  in  this  format  in  addition  to  the 
integrated  spatial  and  temporal  behavior  of  the  atmosphere. 

For  more  detailed  analysis  the  individual  traces  are  used  to  determine  both 
the  extiction  coefficient  o  and  the  volune  backseat ter ing  coefficient  0^  by 
inverting  the  single  scattering  lidar  equation  using  the  analysis  described 
by  Klett  (Appl.  Opt.  U  1638  (1985)).  In  this  inversion,  the  affects  of 
the  real  input  data  and  the  theoretical  assunptions  on  the  derived  values 
of  o  2uid  6^  are  being  investigated.  Where  possible  these  Ildar-derived 
values  are  con^red  with  the  in-situ  measurements  either  directly  or  with 
the  aid  of  relationships  determined  from  laboratory  measurements.  (R.N. 
Dubinsky,  A. I.  Carswell  and  S.R.  Pal,  Appl.  Opt.  ^  1614,  (1985). 

(2).  Atmospheric  Properties:  The  measurements  to  date  have  been  mBinly 
centred  on  the  lower  3  km  of  the  atmosphere.  Both  aerosols  and  clouds  have 
been  investigated  and  the  spatial  and  tenporal  variabilities  of  these  have 
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been  recorded  to  investigate  both  seasonal  and  meteorological  effects.  The 
interactions  between  aerosols  and  wluuds  have  been  observed  on  several 
occasions  and  a  nundser  of  interesting  features  are  presented.  The 
sinultaneous  monitoring  of  the  atmosphere  with  normal  Mie  backsat tering  and 
the  nitrogen  and  water  Raman  radiation  has  proven  to  be  very  useful.  A 
great  deal  of  new  information  is  obtainable  frcm  these  nulti-signal 
analyses  particularly  in  the  case  of  low  density  aerosol  layers,  and 
examples  of  this  behavior  are  described.  In  this  regard,  %«rk  is  in 
progress  to  investigate  the  inversion  of  the  Ranon  Ildar  equation  by 
extending  the  normal  Mie  inversion  algorithms.  The  Raman  signals  provide 
additional  information  on  the  volime  backseat tering  coefficient, 
independent  of  the  atmospheric  extinction  since  these  two  parameters  can  be 
separated  by  the  sinultaneous  Raman  and  Mie  analysis.  Progress  in  this 
direction  is  described  along  with  ccnq>arisons  of  the  lidar  data  with 
theoretical  Mie  calculations  based  on  the  in-situ  measured  atmospheric 
properties. 
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Water  vapor  Is  one  of  the  most  Important  state  variables  of  the  atmosphere. 

Its  concentration  and  distribution  with  height  Influences  atmospheric 
circulation  and  dynamics,  and  figures  prtmilnently  In  a  number  of  atmospheric 
processes  Including:  1)  atmospheric  stability.  2)  cloud  formation.  3) 
radiative  transfer.  4)  storm  development,  to  mention  only  a  few. 

High  vertical  {150  m)  and  temporal  (2  min)  resolution  profiles  of  water  vapor 
have  been  obtained  using  a  Raman  Ildar  and  have  shown  structure  which  Is 
unobtainable  using  standard  techniques^.  This  paper  will  present  recent 
results  using  the  Raman  Ildar  In  a  meteorological  experiment  conducted  In 
northern  Alabama  during  July  1986.  The  experiment,  referred  to  as  COHMEX  for 
Cooperative  Huntsville  Meteorological  Experiment,  had  as  one  of  Its  objectives 
the  Investigation  of  the  role  of  tropospheric  moisture  on  convective  storm 
development. 

A  block  diagram  of  the  Ildar  system  Is  shown  In  figure  1.  It  consists  of  an 
Nd-YAG  tripled  (355  nm)  laser  firing  at  10  pps  and  a  60-Inch  diameter  tele¬ 
scope.  The  output  of  the  telescope  Is  divided  by  a  dichrolc  beamsplitter  Into 
two  channels,  one  located  on  the  Raman  band  due  to  water  vapor  (407  nm)  and 
the  other  due  to  nitrogen  (387  nm).  The  signal  from  each  photomultiplier  is 
fed  Into  both  an  Analog-to-OlgItal  converter  (ADC)  and  Into  a  photon  counter 
(PC).  The  ratio  of  the  water  vapor  to  nitrogen  Raman  signals  has  been  shown 
to  be  proportional,  to  first  order,  to  water  vapor  mixing  ratio. ^  The  signals 
are  normally  accumulated  for  typically  1000  shots  thus  providing  an  indepen¬ 
dent  atmospheric  profile  of  water  vapor  mixing  ratio  every  2  minutes.  A 
comparison  of  a  Ildar-derived  profile  with  a  balloonsonde  measurement  of  water 
vapor  Is  shown  In  figure  2. 

During  the  COHMEX  experiment.  Ildar  measurements  of  atmospheric  moisture  were 
made  each  night  during  the  week  of  July  16  to  23.  1986.  with  the  exception  of 
the  night  of  July  19-20.  Each  observation  period  lasted  an  hour  or  more 
during  which  moisture  profiles  were  acquired  every  2  minutes.  All  the 
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profiles  from  each  observation  period  were  formatted  together  to  provide  an 
Image  of  the  spatial  and  temporal  variation  of  the  moisture  field  over  the 
Ildar.  An  example  of  one  Image  acquired  during  the  early  morning  of  July  22, 
1986,  Is  shown  In  figure  3.  The  figure  Indicates  variations  In  water  vapor 
mixing  ratio  shown  In  shades  of  grey  as  a  function  of  both  altitude  (0  to  7 
km)  and  time  (3:00  a.m.  to  5:10  a.m.  COT).  The  scale  shown  on  the  figure 
Indicates  the  assigned  relationship  between  atmospheric  moisture  and  shades  of 
grey,  ranging  from  black  at  0  g/kg  to  white  at  20  g/kg.  Figure  3  was  con* 
structed  using  data  from  both  the  AOC  and  PC.  The  transition  Is  at  a  constant 
mixing  ratio  value  and  Is  barely  noticeable  In  the  Image  at  around  2.5  km. 
Below  this  altitude  the  mixing  ratio  Is  derived  from  ADC  data,  and  above  this 
altitude  It  comes  from  PC  data.  The  higher  altitude  resolution  of  the  ADC 
which  approaches  15  m  gives  a  grainy  appearance  to  the  image  below  the 
transition  level. 

A  number  of  Interesting  moisture  features  are  obvious  in  the  Image  of  figure 
3.  They  include:  1)  the  height  of  the  previous  day's  boundary  layer  at  about 
1.8  km  which  Is  Identified  by  the  relatively  constant  high  moisture  within  the 
layer,  with  rapid  drying  above,  2)  the  undulations  at  the  top  of  the  boundary 
layer  which  Indicate  turbulent  fluctuations,  and  3)  the  moisture  reversal  with 
altitude  between  4  and  5  km  (dry -moist -dry).  This  data  along  with  other 
examples  will  be  discussed  In  more  detail  during  the  presentation  of  the 
paper. 
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Figure  3.  The  tnoisture  field  over  the  lidar  site  during  the  early 
morning  hours  of  July  22,  1986 
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The  High  Spectral  Resolution  LIDAR  (HSRL)  technique  has  been  proposed 
(1,2)  to  measure  the  temperature  profile  in  the  atmosphere  with  a  resolution 
of  1*K  in  real  time  with  a  spatial  resolution  of  IS  to  30  a.  A  10>nanosecond 
pulse  centered  on  frequency,  i/^,  ia  sent  into  the  atmosphere.  The  returning 
light  is  split  and  each  beam  Is  passed  throu^  one  of  two  very  narrow  atomic 
vapor  filters  centered  on  Vp,  but  with  slightly  different  band  widths 
corresponding  to  different  vapor  temperatures.  Tunip>;  the  laser  frequency  to 
coincide  with  the  center  of  the  filter  will  remove  the  strong  central  aerosol 
scattering  peak.  The  transmitted  light  is  that  scattered  by  the  air  molecules 
at  a  range  determined  by  the  time  delay.  The  ratio  of  these  two  signals  is 
then  compared  to  that  calculated  from  kinetic  thsuty  (3,4)  for  different 
temperatures.  The  signal  through  the  two  filters  will  be  given  by 

m 

Ni  -  /  F^(i/  -  Wp)  R(i/  -  i/j^)  A^(i/)  dw;  i  -  1  or  2 

•m 

where  R  is  the  calculated  intensity  of  the  scattered  light,  F  is  the 
transmission  profile  of  the  atomic  vapor  filter,  A  is  the  amplifica'-ion  factor 
of  the  electronics,  and  w  is  the  frequency  of  Che  returning  light.  F  will  be 
a  function  of  Che  temperature  of  Che  atomic  vapor. 

Computer  simulations  of  Che  line  shape  of  Che  scattered  light  have  been 
used  Co  determine  the  sensitivities  of  Che  measured  quantities,  i'  and  N2  to 
variations  in  the  atmospheric  properties  (e.g.  temperature,  pressure,  ratio  of 
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the  bulk  viscosity  to  the  sheer  viscosity,  retio  of  the  thertul  conductivity 
to  the  sheer  viscosity,  intemel  specific  heet,  or  the  effective  oess  of  en 
"elr  molecule").  Ue  heve  elso  investigeted  the  effects  of  e  frequency 
mismetch  of  the  leser  with  the  ebsorption  peek  of  the  etomlc  vepor  filter.  In 
the  ectuel  experiment,  one  uses  retios  of  the  intensities  of  the  scettered 
light  efter  filtering  through  two  filters,  Nj^/N2.  This  will  elimlnete  the 
fluctuetions  in  the  overell  intensity  of  the  scettered  light.  Ultimetely  the 
filters  will  be  optimized  by  verying  their  temperetures .  For  the  present 
enelysis,  we  heve  used  the  three  retios  from  Be  filters  with  vepor 
temperatures  equal  to  6S0*K,  72S*K,  and  800*K  all  centered  at  553.7  nm.  The 
filter  line  shape  is  the  theoretical  one  given  by  Shimizu  et  al.  (1). 
Comparisons  are  with  a  base  case  that  corresponds  to  parameters  given  in 
Table  I.  For  small  variations  of  the  parameters,  the  sensitivities  of  the 
measured  ratios  of  intensities  is  given  as  a  range  of  the  percentage  changes. 
An  atmospheric  temperature  variation  of  1*K  changes  the  measured  ratio  by  less 
than  0.5%  which  is  over  an  order  of  magnitude  more  than  a  pressure  variation 
of  1  mbar.  Uncertainties  of  10%  in  the  air  viscosities,  thermal 
conductivities,  and  internal  specific  heat  lead  to  less  than  0.09%  change  in 
the  measured  ratios.  A  frequency  mismatch  of  100  MHz  between  the  laser  and 
the  atomic  vapor  filter  will  be  reflected  in  a  large  (1.4%)  change  in  measured 
ratios.  This  highlights  the  importance  of  accurate  tuning  of  the  dye  laser. 
The  available  theory  for  the  lineshape  is  for  a  gas  of  a  single  diatomic 
molecular  species.  To  account  for  the  mixture  of  nitrogen,  oxygen,  and  carbon 
dioxide  we  have  used  two  averaging  techniques.  In  the  base  case  we  simply  use 
the  average  mass  of  a  molecule  in  the  atmosphere.  Alternatively  we  have 
calculated  the  separate  line  shapes  corresponding  to  atmospheres  of  nitrogen, 
oxygen,  or  carbon  dioxide.  These  were  then  weighted  according  to  their 
Rayleigh  cross'sectlons  and  abundances  in  the  atmosphere.  The  difference  in 
these  two  averaging  techniques  is  roughly  1.4%. 

Because  R  is  a  function  of  the  dimensionless  x  and  y  (3,4),  the 
variations  of  N  with  wavelength,  molecular  mass,  pressure,  and  temperature  are 
not  independent  but  depend  upon  only  two  parameters,  *nd 

f  [<5^>  *  <J^>]  * 

■  f  *  <f^>  {i^}] 
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For  tho  thro*  pairs  of  filters  used  above  we  find 


end 


•0.42,  -0.54,  end  -0.44 
0.025,  0.017,  end  -0.0083 


The  Insenslclvlcy  to  pressure  changes  es  coopered  to  tenparatura  changes  is  a 
reflection  of  tho  smell  value  of  three  pairs  of  filters. 

In  addition  to  uncertainties  In  the  properties  of  the  air,  the  measured 
values  will  fluctuate  due  to  noise  In  the  Incoming  signal,  due  to  variations 
In  the  width  of  the  filter  transmission  corresponding  to  temperature 
fluctuations  In  the  atomic  vapor,  and  due  to  noise  In  the  electronic  amplifier 
circuit.  Because  of  the  small  time  slice  (approximately  10  nanoseconds)  Che 
dark  current  will  be  Insignificant,  but  Che  shot  noise  will  be  significant. 

In  summary,  a  temperature  variation  of  1*K  will  change  the  measured 
ratio,  About  0.2  to  0.5%,  whereas  a  pressure  variation  of  1  mbar 
produces  less  chan  0.02%  change.  Ten  percent  variations  in  viscosities, 
thermal  conductivities,  or  Internal  specific  heats  produce  changes  of  about 
0.1%.  Mismatch  of  Che  laser  line  and  the  atomic  filter  frequency  by  100  MHz 
can  give  variations  of  up  to  1.5%.  Different  methods  of  averaging  over  the 
main  molecular  constituents  of  air  give  variations  of  up  to  1.5%  also.  Of 
course  some  of  these  uncertainties  can  be  minimized  by  calibrating  using 
scattering  from  air  at  known  temperatures  and  pressures.  Thus  temperature 
determinations  of  1*K  and  pressure  variations  of  20  mb  are  presently  feasible. 
In  fact,  experimental  verification  of  this  temperature  measurement  technique 
has  been  carried  out  recently  in  the  laboratory  with  a  cv  signal -frequency 
tunable  dye  laser  (5) . 
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of  the  Lineer  Veldaenn- Snider  Collision  Operator,*  Can.  J.  Phys.  3?- 
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XABU  1 


Quantity 


Base  Case 

Change 

Range  of  Change  of 

T  -  294"K 

-1*K 

0.23%  to  0.47% 

P  -  830  mbar 

1  nbar 

0.002%  to  0.015% 

-  0.76 

'^shear 

10% 

0.008%  to  0.069% 

^  -  0.198 

tharm 

10% 

0.010%  to  0.083% 

10% 

0.010%  to  0.083% 

"  •'laser*''filter 

100  MHz 

-0.68%  to  -1.44% 

M  28.966  anu 

avg 

Averaged  line 
shapes 

0.32%  to  1.4% 
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